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The collective oscillations of conduction band electrons confined on the 
nanoscale have given rise to localized surface plasmon resonances, imparting rich 
optical properties onto noble metal nanocrystals. Upon resonant excitation, noble 
metal nanocrystals exhibit large absorption and scattering and huge near-field 
enhancements. These excellent optical properties of noble metal nanocrystals have 
found applications in diverse fields, including surface-enhanced Raman scattering, 
plasmonic sensing, plasmonic waveguiding, plasmon-enhanced spectroscopy, 
plasmon-enhanced energy harvesting, photothermal therapy, biological imaging, 
ultrafast optical switches and optical data storage. The sensitivity of localized surface 
plasmon resonances to nanocrystal morphology and surrounding dielectric medium 
has enabled the plasmon resonances to be continuously tuned from the visible to the 
near infrared. This thesis presents a study on the optical properties and ultrafast 
dynamics of noble metal nanocrystals.  
The refractive index sensitivity of noble metal nanocrystals is an important 
factor in their practical sensing applications. An investigation of the effects of 
multipolar resonances and the type of metal used on the refractive index sensitivity of 
noble metal nanocrystals is presented in Chapter 2. The dipolar resonance mode of Ag 
nanocubes was found to be twice more sensitive to refractive index changes than that 
of Au nanocubes in the same spectral and nanocrystal size range. On the other hand, 
the quadrupole resonance mode of Ag nanocubes exhibits a high figure-of-merit. Ag 
nanocubes have higher refractive index sensitivity due to the larger dielectric function 
of Ag relative to Au. Through a coating of Ag over Au nanobars, higher refractive 
index sensitivity can also be achieved.  
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Photoluminescence arising from noble metal nanocrystals has seen increasing 
uses in both biological imaging and photothermal therapy. Chapter 3 discusses the 
photoluminescence of noble metal nanocrystals by examining the influence of size 
and metal type on the photoluminescence quantum yields of nanocrystals of Au and 
Ag. Au nanooctahedra of various sizes were prepared and found to exhibit quantum 
yields on the order of 10-3, of which the smallest Au nanooctahedra has the highest 
quantum efficiency. Small Au nanooctahedra experience small plasmon damping, 
thus creating a larger local field enhancement, leading to high quantum efficiency. 
Moreover, emission from radiative interband electron-hole pair recombination and 
radiative decay of surface plasmons was observed for the first time. In comparing the 
effects of metal on the photoluminescence efficiency, Ag nanooctahedra were found 
to exhibit higher quantum yields than Au nanooctahedra. This is attributed to the 
larger local field enhancement of Ag than Au, brought about by a larger imaginary 
component of its dielectric function. 
The use of noble metal nanocrystals as ultrafast optical switches has been 
demonstrated in literature recently. The nonlinear switching capabilities of Au 
nanocubes and nanooctahedra are presented in Chapter 4. Both types of Au 
nanocrystals show saturable absorption under low excitation intensities and reverse 
saturable absorption under high excitation intensities. Saturable absorption arises from 
the plasmon band bleaching of the Au nanocrystals under low excitation fluences. 
With increasing excitation intensities, nonlinear absorption becomes dominant, 
leading to the experimental observation of reverse saturable absorption.  
Aside from noble metal nanocrystals, graphene based materials are receiving 
increasing research attention due to their promising electrical and mechanical 
properties. Chapter 5 presents a strategy for the attachment of Au nanocrystals of 
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various morphologies onto graphene oxide sheets based on electrostatic interactions. 
The plasmon resonances of the noble metal nanocrystals were observed to red-shift 
from the visible to the near infrared upon assembling on graphene oxide. Nearly 5-
fold enhanced efficiency in two-photon excited photoluminescence was also observed 
from these composite materials. In addition, the plasmon band bleaching recovery of 
the composite materials was found to decrease compared to pure Au nanocrystals. 
This behavior was attributed to the assembly of Au nanocrystals and hot electron 
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A general overview on the localized surface plasmon resonances of noble 
metal nanocrystals is given at the beginning of this thesis to provide a framework for 
my research conducted in this thesis. A brief discussion is first given on the optical 
properties associated with the surface plasmon of noble metal nanocrystals, followed 
by an introduction of relevant experimental techniques used in this thesis. At the end 
of this chapter, an outline of the research that I have conducted  is presented.  
1.1 Localized Surface Plasmons of Noble Metal Nanostructures 
 
Figure 1.1 (a) The Lycurgus cup. (b) Stained glass windows of a church. Images 
courtesy of The British Museum and Faversham website at www.faversham.org 
 
The Lycurgus cup and colorful stained glass windows of cathedrals are 
outstanding pieces of art that are most commonly associated with noble metal 
nanostructures. Made in the 4
th
 century, the Lycurgus cup is a classic example of 
artwork incorporated with Au and Ag ‘dusts’. The cup appears green when viewed in 
reflected light while red when viewed in transmitted light. Aside from this, the artistic 
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usage of noble metal nanoparticles included being used as paints for ornamental 
glasses and ceramics, potteries and cathedral windows throughout history. Although 
little was known of the origins of the colors arising from noble metal nanostructures, 
this did not stop people from using noble metal nanoparticles in their daily lives. 
 It was not until the appearance of Maxwell’s equations for describing light–
matter interactions that attention was paid to the theoretical consideration of colors 
from metal nanoparticles. Mie developed the first analytical formalism for calculating 
the electromagnetic response of spherical objects.
1
 Mie theory requires dielectric 
constants of the particle and the surroundings as input parameters. For metals, the 
dielectric constants are frequency dependent, containing both real and imaginary 
parts. The real component is roughly related to the position of the 
absorption/scattering peak while the imaginary component determines the dephasing.  
 Drude model is the simplest realistic model for the dielectric constant of a 
metal.
2,3
 In this model, the conduction electrons are treated as a free electron gas. The 
response to an electric field is obtained by solving the equations of motion for a single 
electron, and multiplying by the number of electrons per unit volume. For noble 
metals like Au and Ag, Drude model gives a satisfactory description of the dielectric 
constants in the near-IR region, but breaks down in the visible to near-UV range due 
to interband transitions. An interband contribution term has to be added to the original 
equation to account for the frequency dependent damping brought about by the 
interband transitions.  
In combination with the Drude model, the expansion of a series of partial 
waves under the Mie theory gives the absorption/scattering and electromagnetic field 
distribution around the object.
1
 If the object considered has dispersive dielectric 
properties, electromagnetic resonances will occur at specific frequencies, giving rise 
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to absorption/scattering peaks. If the peaks fall within the visible region of the 
electromagnetic spectrum, different colors would be observed, as is the case with 
noble metal nanoparticles. The results obtained from Mie theory correlated well with 
the experimental observations of the colors of spherical noble metal nanoparticles.  
 The development of quantum physics led to the realization that the specific 
absorption/scattering resonances of noble metal nanocrystals were related to the 
collective oscillations of conduction band electrons in metals. These collective 
oscillations were given the name of plasmons or plasmon resonances.
4
 Due to the high 
absorption in metals, plasmons are typically confined at the interface between metal 
and dielectric, giving rise to the name of surface plasmons and surface plasmon 
resonances. The electromagnetic response of surface plasmons can be elucidated 
using Maxwell’s equations and is characterized by an electromagnetic surface wave 
propagating along the metal/dielectric interface. Their propagation length ranges from 
several nanometers to hundreds of microns. Consequently, these surface plasmons are 
also known as propagating surface plasmons, which decay exponentially into the 
space perpendicular to the interface.  
 By confining the collective oscillations of conduction band electrons in three 
dimensions such as in a nanoparticle, the behavior of the surface plasmons will be 
different from that of propagating surface plasmons (Figure 1.2). When excited by an 
external source, the boundaries of the nanoparticle will create an additional restoring 
force on top of the positive background. This restricts the oscillations of the surface 
plasmons to the size of the nanoparticle, and it is termed localized surface plasmons.
5
 
The dielectric constant of a metal nanoparticle is modified by electron-surface 
scattering, and this can be accounted for semi-classically by adding an extra size-
dependent contribution to the damping constant. When the frequency of the excitation 
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field is close to the eigenfrequency of the collective electron oscillation, the 
oscillation strength reaches a maximum, giving rise to a localized surface plasmon 
resonance. Unlike propagating surface plasmons, localized surface plasmons can be 
directly excited by and converted into light due to its localized nature.  
 
Figure 1.2 Propagating surface plasmons (a) and localized surface plasmons (b). 
Reprinted with permission from Mayer, K. M. et al. Chem. Rev. 2011, 111, 3828. 
Copyright 2011 American Chemical Society.  
 
 A drawback of Mie theory is that it can only be applied to spherical noble 
metal nanoparticles. To solve the wave equations for non-spherical metal 
nanocrystals, Richard Gans developed an approach to solve the wave equations for 
spheroidal particles under quasi-static approximations.
6-9
 This was subsequently 
known as Gans theory. It can be applied to calculate the optical properties of 
ellipsoids and oblates, roughly correlating to nanorods and nanodisks respectively. 
These anisotropic metal nanoparticles typically exhibit two types of plasmon 
resonances. One is associated with the excitation along the longitudinal axis and is 
known as the longitudinal localized surface plasmon resonance. The other is 
associated with the excitation along the transverse axis and is known as the transverse 
localized surface plasmon resonance.   
 It should be noted that both Mie and Gans theory are only accurate under 
quasi-static approximation, where the metal sphere has a radius that is much smaller 
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than the wavelength of the electromagnetic wave. Under this size regime, only dipole 
and quadrupole terms are included in the calculations. Once the size of metal 
nanoparticle exceeds this range, the theoretical results obtained from both theories 
will deviate significantly from experimental observations. This is brought about by 
the nontrivial contribution of higher order multipolar modes. In addition, the maturity 
of current synthetic methods for noble metal nanoparticles have allowed the 
preparation of noble metal nanoparticles of a myriad shapes and sizes, including 
bipyramids, triangles, flowers, snowflakes, dendrites and branches. Solving the wave 
equations for these shapes will not be feasible. Consequently, several numerical 
methods have been developed to aid the characterization of the optical properties of 
noble metal nanoparticles, including discrete dipole approximation (DDA) and finite-
difference time-domain (FDTD) simulations.
10-12
 
 Localized surface plasmons have garnered significant attention over the years 
due to the following reasons. The excitation of localized surface plasmons provides an 
effective way to directly convert far-field signals to near-field ones and vice versa, for 
measurements and characterizations. In addition, the small volume of a noble metal 
nanoparticle avoids Ohmic losses due to resistive heating, making it a desirable 
candidate in modern optoelectronic devices.
13
 The localized surface plasmon 
resonances of noble metal nanostructures are also highly dependent on their size, 
shape, compositions, surrounding dielectric and spatial arrangements. Consequently, 
these localized surface plasmon resonances can be easily tuned across the entire 
visible region of the electromagnetic spectrum, from the violet to the infrared. 
Another important point to note is that the excitation of localized surface plasmons 
can lead to extremely large electromagnetic field confinement in the vicinity of metal 
nanoparticles.
14,15
 Huge near-field enhancements around metal nanoparticles have 
6 
 
been generated as a result of this field confinement. This has led to the development 
of a new field of research, known as plasmon-enhanced spectroscopy.
16,17
 The near-
field enhancement can be altered by the coupling of nanoparticles within close 
proximity of each other, and has the potential to lead to the development of novel sub-
wavelength devices. 
 Owing to the various advantages of localized surface plasmons in noble metal 
nanocrystals mentioned above, the field of plasmonics has grown tremendously over 
the past couple of decades. Plasmonics is currently a growing multi-disciplinary field 
of research, involving physicists, chemists, biologists and engineers working together 
to resolve challenges in this field. The boundaries are constantly pushed in the 
development of both fundamental understanding of physical phenomenon as well as 
potential applications. Thus far, noble metal nanocrystals have found important uses 









 and electronic devices.
13,14
  
1.2 Preparation of Noble Metal Nanostructures 
 
Figure 1.3 Faraday’s solutions of Au colloids. Reprinted with permission from Royal 




The first documented solution-phase synthesis of metal nanoparticles dates 
back to the 1850s, when Michael Faraday prepared Au colloids through the 
phosphorous reduction of gold chloride in water (Figure 1.3). Since then, numerous 
methods have been developed to synthesize noble metal nanocrystals using wet 
chemistry. However, most of the methods were often plagued by problems of 
polydispersity and limited morphologies. In the last decade, as synthetic protocols 
matured with extensive research, the ability to prepare high quality noble metal 
nanocrystals of various morphologies can be achieved with increasing ease. 
Researchers also have more options to select from when it comes to choosing a 







 and light-mediated synthesis
29,30
 are some of the most 
common synthetic routes employed in the synthesis of Au and Ag nanocrystals. The 
polyol process and seed-mediated growth method were extensively used in this thesis 
for the preparation of Au and Ag nanocrystals. Consequently, attention will be 
focused in the discussion of these two synthetic routes in this section.  
1.2.1 Synthesis of Au and Ag Nanocrystals via Polyol Reduction 
The polyol reduction method gained significant attention when uniformly 
sized single crystalline Ag nanocubes were prepared using this method by Sun and 
Xia.
31
 Since then, Ag nanocrystals of a variety of morphologies have been 









 and right bipyramids.
37
 In a typical synthesis, a 
polyol serves as both a reducing agent and a solvent. The capping agent used is 
usually poly(vinyl pyrrolidone) (PVP). PVP is normally added into a heated polyol 
solution together with the metal precursor at a temperature near the boiling point of 
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the polyol used. By having a separate reducing agent and a capping agent, a better 
control over the reaction is achieved. Ethylene glycol (EG) is most commonly used in 
the preparation of Ag nanocrystals while both EG and 1, 5-pentanediol (PD) have 
been used in the synthesis of Au nanocrystals. In the EG system, glycoaldehyde is 
actually the primary reducing agent, even though EG also possess reducing 
capabilities at elevated temperatures. Glycoaldehyde is formed when EG is heated in 
the presence of oxygen.
38
 
The mechanism of the polyol process in the synthesis of Ag nanocrystals has 
been well studied over the years. At the initial stage of the reduction process, Ag 
atoms form small clusters of fluctuating structures, as shown in Figure 1.4.
24,25
 During 
the subsequent growth process, these Ag clusters grow and adopt either single 
crystalline, singly twinned or multiply twinned structures. The single crystalline 
structures will proceed to grow into cuboctahedrons, followed by edge sharpening 
into cubes enclosed by {100} facets as more Ag atoms are added into the reaction 
mixture. Singly twinned structures will result in the right bipyramid structure while 
multiply twinned structures will produce wires with a pentagonal cross section.  
 
Figure 1.4 The influence of initial seed structure on the final morphology of Ag 
nanocrystals formed. Reprinted with permission from ref. 25. Copyright 2011 




In addition to these structures, it has been demonstrated that the reaction can 
be forced to proceed along one of the three pathways through the addition of an 
oxidative etchant.
25
 The larger numbers of defects present in twinned structures are 
more susceptible to oxidative etching. In the presence of Cl
-
 ions in air, twinned seeds 










 are some 
common ions that have demonstrated their ability in shaping the morphology of the 
final product.
25
 The reduction kinetics of the reaction could also be controlled to alter 
the yields of Ag nanocrystals obtained. In a study by Yang and coworkers, the 
overgrowth of Ag nanocubes can yield cuboctahedra and octahedra.
35
 During the 
reaction, Ag is selectively deposited onto the {100} faces while the {111} faces are 
stabilized during the growth period. This led to the shape evolution of {100}-capped 
Ag nanocubes to a mixture of {111}- and {100}-capped cuboctahedra, and finally to 
{111}-capped octahedra.  
While the shape of Ag nanocrystals can be tailored easily, the ability to control 
the size of Ag nanocubes has only been demonstrated recently.
39
 Gram-scale 
production of Ag nanocubes has also been achieved through the polyol reduction 
process under an inert atmosphere.
40
  
On the other hand, the preparation of Au nanocrystals via polyol reduction has 
received far lesser attention. Yang and coworkers first demonstrated the successful 
preparation of platonic Au nanocrystals in EG (Figure 1.5).
41
 The shape control 
scheme was found to be different from that of Ag system. In the case of Au 
nanocrystals, the ratio of gold precursor to PVP was found to be an important 
parameter. Higher concentrations of gold precursors favored the formation of 
tetrahedra while lower concentrations led to the formation of icosahedra. The addition 




Figure 1.5 Platonic Au nanocrystals of tetrahedron, cube, octahedron and icosahedron 
morphologies. Reprinted with permission from ref. 41. Copyright 2004 Wiley. 
 
Song and coworkers improvised on the EG system through the use of PD to 
prepare Au nanocrystals with Oh symmetry.
42
 PD was chosen due to its higher boiling 
point compared to EG and the authors believed that a higher reaction temperature 
favored the formation of thermodynamically stable structures, resulting in more 
uniform single-crystalline products rather than twinned nanoparticles.  By varying the 
amount of Ag ions added, octahedra, truncated octahedra, cuboctahedra, cubes and 
higher polygons could be obtained (Figure 1.6). Ag ions was believed to control the 
final nanocrystal morphology through the selective growth of {111} and/or inhibition 
of {100} faces. In a separate work by the same group, an overgrowth strategy was 
devised to tailor the shape of Au nanocrystals. Au nanocubes could be grown into 
nanooctahedra through the addition of Au ions. Conversely, the addition of a mixture 




Figure 1.6 Using the ratio of Au and Ag ions to control the morphologies of Au 
nanocrystals. Reprinted with permission from ref. 42. Copyright 2006 American 
Chemical Society. 
 
A facile polyol route to prepare uniform Au nanooctahedra with tailorable 
sizes was reported recently by Cho and coworkers.
43
 EG was used as the solvent, but 
the capping polymer was changed to high molecular weight poly 
(diallyldimethylammonium) chloride. This polymer was found to adsorb 
preferentially on the {111} facets of Au nuclei, leading to the selective formation of 
nanooctahedra. The size of the nanooctahedra formed was controlled through the 
addition of HCl or NaOH. The addition of an acid could reduce the rate of reaction, 
hence favoring the formation of larger nanooctahedra.  
1.2.2 Seed-mediated Synthesis of Au and Ag nanocrystals 
In contrast to the polyol method, seed-mediated synthesis of noble metal 
nanocrystals generally occurs at room temperature in an aqueous medium. In this 
method of nanocrystal synthesis, nucleation and growth are entirely separated into 
two parts, allowing greater control over the final morphology.
25,44
 This method is 
highly versatile and can be used to manipulate the size, aspect ratio, and shape of the 
resulting nanostructures.  
Successful size control in the preparation of Ag nanodecahedra was 





decahedra were subsequently used as seeds in the growth of Ag nanorods with a 
pentagonal cross section.
46
 The decahedra seeds grew along the five-fold twinning 
axis into faceted pentagonal nanorods. The aspect ratio of the Ag nanorods could be 
tuned between one and twelve using citrate as the reducing agent at 95
o
C. Other seed-
mediated growth methods for synthesizing Ag nanorods and nanowires with 
controllable aspect ratios have also been reported in combination with a 
photochemical process in which the wavelength of light used determined the final 
aspect ratio of the Ag nanorods.
47
 
The shapes of Ag nanocrystals have also been demonstrated to be tunable in 
the seed-mediated synthetic route. Using single crystalline Ag seeds, nanocubes and 
nanooctahedra could be obtained by changing the capping agent.
48
 The use of citrate 
led to the formation of nanooctahedra while nanocubes were obtained when PVP was 
used. Citrate binds more strongly to {111} facets than {100} facets, leading to the 
gradual disappearance of {100} facets and finally forming {111}-capped 
nanooctahedra. Conversely, PVP binds more strongly to {100} facets and tends to 
favor the formation of {100}-capped nanocubes.  
The seed-mediated synthesis of Au nanocrystals has received far greater 
attention compared to Ag nanocrystals. Nanorods,
27





 and branched nanostructures
52
 are some of 
the earlier structures prepared using this method of synthesis. Small Au seed particles 
of several nanometers are generated under conditions of high chemical 
supersaturation and are used in the subsequent growth of Au nanocrystals.
44
 Among 
the various nanostructures listed, the synthetic protocol of Au nanorods is the most 






Figure 1.7 Growth mechanism of Au nanorods. Reprinted with permission from ref. 
55. Copyright 2007 American Chemical Society. 
 
First developed by El-Sayed and Murphy, the growth of single crystalline Au 
nanorods is based on the mechanism of underpotential deposition.
27,49
 CTAB-capped 
Au seeds are generated through the reduction of HAuCl4 in a solution of CTAB by 
NaBH4. A growth solution is prepared by mixing HAuCl4, HCl, ascorbic acid, AgNO3 
and CTAB, followed by the addition of the seed solution to trigger the growth of Au 
nanorods. AgNO3 is added to the growth solution of Au nanorods to control the aspect 
ratio of the resulting Au nanorods.  
Underpotential deposition occurs during metal adlayer formation onto a 
metallic substrate.
53
 When a working metal electrode is gradually cathodically 
polarized, ions of a second less noble metal can be deposited onto the substrate, 
forming a film. More importantly, it is frequently observed that there is an initial 
deposition of a metal monolayer at potentials much more positive than the Nernst 
potential of the metal being deposited. This deposition of metallic monolayer is 
known as underpotential deposition.  
In the growth of Au nanorods, the silver monolayer formed on Au {110} 
surface acts as a strong surface binding agent to restrict further growth on {110} 
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facets, as shown in Figure 1.7.
54
 It has been hypothesized that the tips of Au nanorods, 
composed of {100} facets, are only partially covered by silver and therefore grow 
faster, leading to one-dimensional growth along the [100] direction. The growth rate 
ratio between Au {100} and Au {110} is adjustable by varying the Ag ion 
concentration, hence accounting for the fact that the aspect ratio is controlled by the 
concentration of Ag ions. It was also found that the presence of a small amount of 




Figure 1.8 The importance of surfactant on the final structure of high-index faceted 
Au nanocrystals. Reprinted with permission from ref. 57. Copyright 2011 American 
Chemical Society. 
 
Aside from the abovementioned nanostructures, a variety of high-index 
faceted Au nanocrystals has been prepared using seed-mediated synthesis, including 
tetrahexahedra,
56
 right bipyramids and rhombic dodecahedra
57
 as well as concave 
cubic nanostructures.
58
 The synthesis of high-index faceted Au nanocrystals is 
important for applications in catalysis. Wang et al first reported the high yield 
preparation of elongated Au tetrahexahedra enclosed by 24 {037} facets. The 
synthesis of Au tetrahexahedra resembles that of Au nanorods, except that a much 
smaller amount of seed solution was used. By changing the surfactant to CTAC, in 
which the bromide ion is substituted by chloride, Mirkin and coworkers obtained 
concave cubic Au nanocrystals composed of 24 {720} facets (Figure 1.8). The 
15 
 
tetrahexahedron and concave cubic structure are related to the cubic structure, in 
which the tetrahexahedron is a ‘pushed-out’ convex cube whereas the concave cubic 
structure is a ‘pushed-in’ concave cube.  Although the detailed mechanism of 
nanocrystal formation is currently unclear, both structures exhibit higher reactivity 
compared to {111}-capped octahedra.  
1.3 Photoluminescence (PL) of Noble Metal Nanostructures 
 
Figure 1.9 First photoluminescence spectra of Au and Cu recorded. Reprinted with 
permission from ref. 59. Copyright 1969 American Physical Society. 
 
Photoluminescence from bulk noble metal films was first reported in 1969 by 




 The mechanism giving rise 
to PL in noble metals was attributed to the direct radiative recombination of the 
conduction band electrons with the holes in the d-band. Due to its low emission 
efficiency, studies on the PL of noble metals remained largely uninvestigated until the 
1980s, where Shen et al discovered much higher emission efficiencies from 
roughened films of Au.
60
 The relation between the spectral peaks and the interband 
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The first report of PL from noble metal nanocrystals was in 2000 by El-Sayed 
et al.
62
 Gold nanorods were used to investigate the dependence of PL on the aspect 




, over a 
million times more efficient compared to bulk gold. Moreover, the emission peak was 
found to red-shift with the length of the nanorods. The authors demonstrated that the 
huge enhancement of emission yield arose from the coupling of the incoming and 
outgoing electric fields to the surface plasmon resonances of gold nanorods. In a very 
recent work by Chen and coworkers, Au nanocubes were demonstrated to exhibit a 




 They also demonstrated the capability of Au nanocubes 
as cellular imaging agents as well as a good candidate for photothermal therapy of 
cancer cells.  
 Using time-resolved femtosecond upconversion technique, the emission 
lifetime of Au nanoparticles and nanorods was measured to be around 50 fs.
64,65
 The 
short emission lifetime occurred on a faster timescale than electron thermalization 
and/or equilibration dynamics which took place over a period of hundreds of 
femtoseconds onwards. Consequently, the authors argued that the dominant 
mechanism of PL emission from Au nanocrystals arose from the radiative 
recombination of the d-band holes with electrons in the conduction band near the 
Fermi surface. The creation of d-band holes and electrons in the conduction band 
above the Fermi level is brought about by the excitation process.  
While radiative recombination of electron-hole pair is widely held to be the 
mechanism of PL from Au nanocrystals, Caruso et al provided a convincing argument 
that this mechanism is incorrect. In their work on Au nanoparticles, the PL efficiency 
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was measured to be 10
-6
, and was independent of particle size.
66
 The authors 
attributed the size independence of the PL efficiency to the R
-3
 dependence of particle 
plasmon emission rate being precisely compensated by the R
3
 dependence of the 
radiative particle plasmon decay rate. A modified model was also put forward in 
which excited d-band holes recombine non-radiatively with the conduction band 
electrons to emit particle plasmons. The subsequent radiative emission of these 
plasmons gave rise to the PL observed from Au nanoparticles. The reason for the 
dominance of particle plasmon mediated PL over that from direct electron-hole pair 
recombination was attributed to the higher polarizability and consequently, radiative 
decay rate, of the particle plasmons relative to electron-hole pair.  
 
Figure 1.10 Size-dependent emission spectra of Ag nanoparticles. Reprinted with 
permission from ref. 72. Copyright 2009 American Physical Society. 
18 
 
In contrast to Au nanocrystals, the PL of Ag nanocrystals has received lesser 
attention.
67-71
 A size-dependent investigation of Ag nanoparticles embedded in silica 
was reported recently.
72
 The quantum yield increased with decreasing particle size, 
with the efficiency of 8 nm Ag nanoparticles estimated to be 10
-2
. As shown in Figure 
1.10, a single PL band was observed in larger Ag nanoparticles and a second PL band 
was observed as the particle size decreased to around 11 nm. The two PL bands were 
ascribed to the radiative electron interband transitions and radiative decay of surface 
plasmons of Ag nanoparticles. The strong local electric field induced by the surface 
plasmon resonance in Ag nanoparticles was thought to enhance the exciting and 
emitting photons, leading to the increased quantum yield observed.  
1.4 Nonlinear Optical Properties of Noble Metal Nanostructures 
 Having discussed the linear optical properties of noble metal nanostructures, 
this section turns to the nonlinear optical properties of noble metal nanostructures. 
Attention will be paid on two-photon excited photoluminescence, (reverse) saturable 
absorption and ultrafast electronic relaxation dynamics of noble metal nanocrystals. 
The nonlinear optical properties are important to gain a better understanding of the 
fundamental optical properties for various applications ranging from biological 
imaging to optoelectronics.  
1.4.1 Two–Photon Excited Photoluminescence (TPPL) 
TPPL involves the absorption of two photons during excitation from ground 
state (N1) to a higher-lying state (N2) via an intermediate virtual state, as shown 
schematically in Fig. 1.11. The subsequent emission process is similar to that of 
steady state photoluminescence. One of the earliest studies of TPPL from noble 





monotonic rise in the luminescence intensity with decreasing emission energy, and an 
absence of the peaks which characterize the single-photon spectra was observed. The 
PL emitted predominantly from the surface atoms of protrusions on the rough surface 
with localized plasmon resonances. 
  
Figure 1.11 Energy level diagram for two-photon excited photoluminescence. 
 
A landmark work on the TPPL noble metal nanostructures was reported by 
Cheng and coworkers.
73
 The TPPL of Au nanorods was investigated in a single 
particle microscopy study and their TPPL excitation spectra can be superimposed 
onto the longitudinal plasmon band, indicating a plasmon-enhanced two-photon 
absorption cross section. The TPPL signal from a single Au nanorod was found to be 
58 times brighter than that of the two-photon fluorescence signal from a single 
rhodamine molecule, giving Au nanorods a TPPL excitation cross section of 2300 
GM. In addition, the authors also demonstrated the capability of Au nanorods as 
imaging agents in vivo. The imaging capability of Au nanorods and other 
nanostructures had since been highlighted in numerous investigations, due to their 
strong signals, resistance to photobleaching, chemical stability, ease of synthesis, 
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simplicity of conjugation chemistry and biocompatibility.
74,75
 Au nanorods were used 
as bright contrast agents in the TPPL imaging of cancer cells in a 3-D tissue phantom 
down to 75 µm deep, with a brightness 1000-fold more intense than background 
signals.
76
   
  A broad visible and infrared PL continuum was observed from Au 
nanostructures and rough films.
77
 While the visible spectra had been detected earlier, 
the appearance of an infrared continuum was novel. The infrared PL was found to be 
linearly dependent on the excitation power, and could be excited with equal efficiency 
for both cw and femtosecond excitation. The origin of the infrared signal was 
attributed to near field optical intraband transitions coupling to the far field by the 
radiative decay of localized surface plasmons, in contrast with PL arising from 
radiative interband recombination in the visible. In a subsequent related work by Pohl 
and coworkers, a white-light supercontinuum brought about by strong field 
enhancement in the antenna gap was generated from nanometre-scale gold dipole 
antennas.
78
 The TPPL emission from these nanostructures was more than 1000-fold 
brighter than similar structures without the gap.  
 With regards to the TPPL of nanostructures from closely spaced Au 
nanostructures, a few reports have also surfaced in recent years.
79,80
 Misawa et al 
described strong PL excited via two-photon absorption at near infrared wavelengths 
from large, homogeneous clusters of Au nanoblocks.
81
 The gaps between Au 
nanoblocks can be tuned to tailor the plasmon modes of the cluster, with a 10
4
-fold 
enhancement of local electric fields. In turn, the TPPL intensity can also be tuned by 
controlling the separation distance between the nanoblocks. In a recent work by Eisler 
and coworkers, the TPPL of coupled optical gold nanoantennas was correlated with 
their respective darkfield scattering spectra.
82
 A 65-fold enhancement in emission was 
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observed when compared to nanoantennas of identical dimensions but without a gap 
between the nanostructures. Moreover, the authors demonstrated a link of nonlinear 
optical excitation schemes with radiative relaxation pathways that match plasmonic 
mode emission of resonant optical gold nanoantennas. They attributed the TPPL 
observed to arise from a two-photon-induced plasmon emission, similar to the 
argument put forward by Caruso et al for steady state PL of Au nanoparticles. 
 
Figure 1.12 (a-d) Plasmon mode imaging of Au nanorods using scanning near-field 
optical microscopy. (e) TPPL spectra of Au nanorods. Reprinted with permission 
from ref. 84. Copyright 2004 American Chemical Society. 
 
Indeed, as with steady state PL of noble metal nanostructures, the mechanism 
giving rise to TPPL is currently still under discussion. The creation of d-band holes 
and sp-band electrons upon excitation followed by the subsequent radiative 
recombination of the electron-hole pairs around the X and L points of the Brillouin 
zone is widely believed to be the origins of PL and TPPL from Au nanostructures. 
Using scanning near-field optical microscopy to image the plasmon modes of single 
gold nanorods, Okamoto and coworkers reported a PL spectrum of Au nanorods with 
well-defined peaks near the theoretical wavelength range of the X and L points of the 
Brillouin zone (Figure 1.12e).
83-88
 Local field enhancement due to plasmon-mode 
excitation was believed to be the primary reason for the strong TPPL observed. The 
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PL image for a short rod revealed that the strong field enhancement occurred at the 
end parts of the rod, while characteristic features reflecting the eigenfunctions of a 
specifc plasmon mode were observed for a longer rod, corresponding well with 
calculated electromagnetic local density of states.  
However, as mentioned earlier, there have also been reports of PL and TPPL 
arising from the radiative decay of surface plasmons. In addition to these reports, 
Wiederrecht et al demonstrated the surface plasmon characteristics of single Au 
nanorods in their TPPL measurements.
89
 The spectral position of the TPPL emission 
blue-shifted with decreasing aspect ratio and a shape-dependent TPPL spectra change 
upon laser-induced rod-to-dot transformation was observed. The TPPL yield of the 
nanorods was found to depend strongly on the orientation of the incident polarization. 
These changes in the TPPL spectra were consistent with the properties of localized 
surface plasmon resonances.  
 The photon absorption process in TPPL has also been an area studied by 
several groups. Okamoto and coworkers as well as Finazzi et al reported that photon 
absorption occurred through the sequential absorption of two photons although Potma 
et al contested that this process was an instantaneous absorption of two photons.
86,90,91
 
An excitation polarization dependence of TPPL from Au nanorods was found, in 
which the TPPL intensity varied with a cos
2θ function. In addition, Finazzi et al 
concluded that the dependence of the TPPL yield of Au nanostructures on laser pulse 
duration implied a sequential absorption of two photons during excitation. When the 
temporal width of the laser pulse was more than 1 ps, the TPPL yield decreased as the 
temporal width increased. This behaviour was determined by the fact that TPPL in Au 
nanostructures occurred after a 3d hole was produced by two sequential absorption 
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steps involving a single photon and was governed by the lifetime of the sp-band hole 
generated after the first photon absorption.  
 In contrast, TPPL from Ag nanocrystals remains largely unexplored, with only 
a few works reported thus far.
92,93
 Okamoto et al made use of scanning near-field 
microscopy to study the localized optical fields in the vicinity of silver nanowires.
94
 
An oscillating feature was observed along the long axis of an isolated nanowire in its 
excitation image, attributed to the resonant plasmon wavefunction. Four emission 
peaks were observed in the TPPL spectra of Ag nanowires. However, the origin of the 
TPPL was not properly characterized, and the authors speculated that TPPL from 
these Ag nanowires was attributed to the plasmon-assisted enhancement of excitonic 
emission from silver oxide on the surface of the Ag nanowire. Shalaev et al observed 
a direct manifestation of electron energy quantization in Ag nanoparticles in TPPL. 
Discrete spectra in broadband anti-Stokes PL from Ag colloid particles were revealed 
and the authors put forward a theory based on a spherical quantum-well model. 
93
 
Aside from TPPL, three-photon and multi-photon excited PL from noble metal 
nanocrystals have also been reported.
95,96
 This involves the transition from the ground 
state to a higher-lying state by the simultaneous absorption of three or more photons 
via multiple numbers of virtual states. Efficient three-photon induced PL was 
generated via near-infrared excitation at much lower intensities than typical 
fluorophores used for multi-photon imaging.
97
 High intensity multi-photon excited 
emission was also observed from metal nanotips.
98
 Very recently, Cheng et al 
demonstrated the ability of Au/Ag nanocages to emit brightly in the visible with little 






1.4.2 Saturable Absorption (SA) and Reverse Saturable Absorption (RSA) 
 SA is a third order nonlinear optical process occurring in materials which 
demonstrate a decrease in light absorption with increasing light intensity. When the 
incident light intensity is high enough, electrons in the ground state of a saturable 
absorber are excited into an upper energy state at a rate that is faster than their 
subsequent relaxation back to the ground state.
100
 This leads to a depletion of 
electrons in the ground state, also known as ground state bleaching, and is 
experimentally manifested as an increase in light transmittance.  
Saturable absorbers find use in passive mode-locking and Q switching of 
lasers in the generation of short laser pulses.
101
 Outside of laser resonators, saturable 
absorbers are useful in nonlinear filtering to clean up pulse shapes and to process 
optical signals. SA has also been demonstrated as a means for information storage 
recently.
102
 There are several types of saturable absorbers, including semiconductor 
saturable absorber mirrors, PbS quantum dots, GaAs and Cr
4+
:YAG crystals. The 
properties characterizing saturable absorbers are their modulation depths, non-
saturable losses, recovery time, saturation fluence, intensity and energy as well as 
damage threshold.  
The absorption cross-sections of the excited state of saturable absorbers are 
usually smaller than those of the ground state. When the excited state absorption 
cross-section of a material is larger than the ground state, the material will be less 
transmissive with increasing light intensities (Figure 1.13). This phenomenon is also 
known as reverse saturable absorption (RSA), since it is an opposite effect of SA. 
Multi-photon absorption, free carrier absorption, excited state absorption and 






Figure 1.13 Energy level diagram representing reverse saturable absorption.  
 
The absorption of more than one photon upon excitation with a laser pulse by 
a material can lead to PL, commonly observed from organic dyes, semiconductor 
quantum dots and noble metal nanostructures. The process of photon absorption can 
be instantaneous or sequential, depending on the system. Excited state absorption 
occurs when an excited state is significantly populated as a consequence of intense 
excitation. Upon excitation, ground state electrons are promoted to an excited state, 
where the electrons remain for a short period of time. The excited state electrons can 
decay back to the original ground state, undergo intersystem crossing to a different 
spin state, or be further excited into an even higher energy level. Excited state 
absorption is similar to the sequential absorption of two or more photons in multi-
photon absorption.   
 Free carrier absorption occurs when electrons are promoted to the conduction 
band when excited by photons with energy greater than the material’s bandgap.104 
These electrons become free carriers in the conduction band. When the laser used is 
of high enough intensities, the free carriers can absorb more photons, leading to 
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nonlinear absorption. In semiconductors, the free carriers generated can undergo 
phonon-assisted absorption to higher-lying energy states in the conduction band.  
 Nonlinear scattering is commonly observed from materials with large 
scattering cross sections, of which noble metal nanocrystals are good examples.
105
 
Upon excitation with light, noble metal nanocrystals can either absorb or scatter the 
light. The absorption and scattering cross sections are closely related to the size of the 
metal nanocrystals. Larger metal nanocrystals are more efficient at scattering light 
than smaller ones.
106
 This also leads to a decreased transmittance/increased 
absorption, corresponding to RSA observed. RSA has found important applications in 
optical limiting and multi-photon imaging.  
 Both SA and RSA are commonly associated with the third order nonlinearity 
of materials. Materials like noble metal nanocrystals have been shown to exhibit both 







 as well as Pt nanoparticles
110
 have all 
shown both SA and RSA in previous reports. At low excitation fluences, SA 
dominates due to ground state bleaching of the surface plasmons in noble metal 
nanostructures. With increasing laser intensities, RSA becomes more dominant as 
nonlinear absorption/scattering processes play increasingly significant roles.  
1.4.3 Ultrafast Dynamics of Noble Metal Nanostructures 
 The sequence of photophysical events that occur upon absorption of photons 
in noble metal nanostructures include absorption and dephasing of the localized 
surface plasmons, internal relaxation via electron-electron scattering, electron-phonon 
and phonon-phonon coupling.
111
 It is important to understand the dynamics and time 
scales on which these events occur because numerous applications of noble metal 
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nanocrystals rely on a sound understanding of these processes. The use of noble metal 
nanocrystals as ultrafast optical switches or modulators stems from the ability of these 
materials to create optical changes on an ultrafast time-scale.
112-114
 In addition, the 
capability of noble metal nanocrystals to convert light energy into heat quickly has 




Figure 1.14 Processes occurring in a metal nanocrystal upon excitation by an ultrafast 
laser pulse in a chronological order. Reprinted with permission from Bigot, J. –Y. et 
al. Chem. Phys. 2000, 251, 181. Copyright 2000 Elsevier. 
 
The optical absorption of metal nanostructures brings about an energy transfer 
to the electrons via interband or intraband transitions. Phase memory is conserved 
between the electromagnetic field and the electronic states. A non-thermal electron 
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distribution is expected in metal nanocrystals (Figure 1.13). Over the next several 
femtoseconds, the electronic system is strongly correlated before thermalization of the 
electrons occurs. Occupied electronic states tend towards a Fermi-Dirac electron 
distribution, with a well-defined temperature, which is dependent on the laser pulse 
intensity used for excitation. Due to the small heat capacity of the electron 
distribution, the electron temperatures can easily reach 1000
o
C. At this point, phase 
coherence is lost. This time scale occurs over several hundreds of femtoseconds for 
noble metal films and less than hundred femtoseconds in nanostructures. Electron-
surface and electron-electron scattering are two competing processes in the 
thermalization of the electrons.  
Following electron thermalization, energy exchange between the electrons and 
lattice takes place via electron-phonon coupling. This process can also be seen as a 
coupling between two baths, that of the electrons and lattice respectively. The time 
scale is also dependent on laser pulse intensity, but is generally on the order of a few 
picoseconds. There are differences in time scales at which this process occurs in 
metallic films and metallic nanocrystals. Due to the reduced dimensionality of the 
nanocrystals, the surface modes of the metallic nanostructures are capable of 
influencing the energy transfer between electrons and lattice. Moreover, the coherent 
behavior of the lattice vibrations can be observed when electrons are in equilibrium 
with the lattice temperature. The final step in this chain of reaction is the energy 
transfer to the dielectric matrix surrounding the metal nanocrystals, and is correlated 
to the heat diffusion from the metal nanocrystals to the environment. This typically 
occurs on time scales upwards of several tens of picoseconds.  
 The electron-phonon coupling was found to be independent of size and shape 
for Au nanospheres in the size range of 2–120 nm and for Au nanorods of aspect 
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ratios 2–5.116,117 The results obtained also correlated well with the electron-phonon 
decay times measured from bulk metal.
118,119
 The size independence of electron-
phonon coupling seems slightly counter-intuitive since the mean free path of the 
electrons is around 40 nm. Consequently, increased electron-surface scattering should 
be stronger in nanoparticles smaller than the electron mean free path. To account for 
the observed size-independence of electron-phonon coupling, Hartland et al 
demonstrated that the coupling constant between the electrons with acoustic and 
capillary modes of the surface phonons is determined by the ratio of the number of 
valence electrons in the atom to the atomic mass of the metal.
120
 The presence of only 
one valence electron in Au and the large atomic mass of Au lead to a negligible 
contribution of electron-surface scattering to the electron-phonon scattering.  
 On the other hand, a decrease in electron-phonon relaxation times from 800 fs 
to 500 fs was observed for Ag nanoparticles in a glass matrix as the size decreased 
from 30 nm to 4 nm.
121
 The size dependence of electron-phonon coupling was 
attributed to an enhanced inelastic electron-surface scattering. This observation was 
made under the low perturbation regime, whereby the incident laser intensities were 
low. The difference observed between Ag and Au nanoparticles could be explained by 
the fact that experiments carried out on Au nanoparticles were performed under strong 
excitation conditions and extrapolated to the low power regime.  
Experimentally, the aforementioned processes show up as a bleaching of the 
plasmon band of metal nanoparticles (Figure 1.15).
122
 This transient bleaching of the 
plasmon band can be understood as a faster dephasing time of the coherent plasmon 
oscillation.
123
 The filling of higher electronic states at higher temperatures leads to an 
increased electron scattering rate and thus increasing the plasmon oscillation 
damping. In contrast, Hartland and coworkers argued that the plasmon band bleaching 
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in Au nanoparticles can be accounted for by a modified dielectric function brought 
about by the increased temperature.
116
 This modified dielectric function can be used 
in Mie theory to obtain an absorption spectrum at elevated temperatures. The 
observed spectrum is thus a difference spectrum between ground state absorption and 
plasmon absorption at higher temperatures. Regardless of the origin of the transient 
bleach observed from the transient absorption spectrum of metal nanocrystals, it is 
agreed that the plasmon resonance is a useful and sensitive probe for electron 
dynamics in confined metallic systems.  
 
Figure 1.15 Transient absorption spectra of Au nanoparticles recorded at various 
delay times after excitation at 400 nm using femtosecond laser pulses. Inset 
corresponds to the bleaching recovery dynamics probed at the plasmon bleach 
maximum. Reprinted with permission from ref. 122. Copyright 2003 Annual 
Reviews. 
 
Monitoring the plasmon band bleaching recovery not only provides 
information on the energy exchange between hot electrons and the lattice, information 
about the energy dissipation between particle and its surrounding can also be 
obtained. Phonon-phonon coupling decay has been shown to be proportional to the 
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square of particle radius for Au nanoparticles in aqueous solutions.
124
 In addition, 
heating the lattice through energy transfer causes expansion, and for particles larger 
than a few nanometers, the time scale for heating is faster than the period of the 
vibrational modes that correlate with the expansion coordinate. Consequently, the 
vibrational modes can be impulsively excited, giving rise to modulations in the 
transient absorption decay traces.
125,126
 The fundamental breathing modes of the 
nanostructures are usually excited. The vibrational modes of a variety of metal 









 as well as hollow cubic shaped nanocrystals.
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By analyzing the modulations in the transient absorption traces, the elastic modulus of 
the nanostructures could be obtained.
111
  
1.5 Experimental Techniques 
 Having discussed the linear and nonlinear optical properties of noble metal 
nanocrystals, a short description of the various experimental techniques used to 
characterize these optical properties is given in this section. Focus is placed on the 
measurements of the nonlinear optical properties of noble metal nanocrystals due to 
the more complex optical setup of the experiments.  
1.5.1 Two–Photon Excited Photoluminescence (TPPL) 
 In a TPPL experiment, the emission spectrum of noble metal nanocrystals 
excited by the simultaneous absorption of two photons is measured. In the presence of 
a standard dye solution or material, the TPPL absorption cross section of noble metal 






where δ and δr are the two-photon absorption cross sections of the metal nanocrystal 
and reference respectively, F and Fr are the integrated PL of the sample and reference 
under two-photon excitation respectively; ϕr and ϕ are the steady state quantum yields 
of the reference and sample respectively; cr and c are the concentrations of the 
reference and sample respectively.  
 
Figure 1.16 Optical setup of a TPPL experiment.  
 
The experimental set up of a typical TPPL measurement is as shown in Figure 
1.16. A Spectra-Physics femtosecond Ti:sapphire oscillator is used as the excitation 
source. The output laser pulses have central wavelength of 800 nm with a pulse 
duration of 80 fs and a repetition rate of 80 MHz. The laser beam is focused onto the 
samples contained in a cuvette with a path length of 1 cm. The emission from the 
samples is collected at an angle of 90
o
 to the excitation beam by a pair of lenses and 
an optical fiber connected to a monochromator (Acton, Spectra Pro 2300i) coupled 
CCD (Princeton Instruments, Pixis 100B). A short pass filter with a cutoff wavelength 
of 750 nm is placed before the monochromator to minimize the scattering from the 
excitation beam.  
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1.5.2 Z-scan Experiments 
 Z-scan experiments are typically carried out to characterize the 3
rd
 order 
nonlinear susceptibility of noble metal nanocrystals.
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 Kerr refractive index, also 
known as the nonlinear refractive index, of noble metal nanocrystals can be 
determined from a close-aperture z-scan experiment. The nonlinear absorption 
coefficient of noble metal nanocrystals can be determined from an open-aperture z-
scan experiment. If the material also exhibits saturable absorption, the saturation 
irradiance can be determined from the open-aperture z-scan measurement. Both the 




























where   is the two-photon absorption coefficient, 
zI  the excitation intensity of laser 










0z the Rayleigh diffraction length; 0 is linear 
absorption coefficient and 
effL  is the effective interaction length; sI represents the 
saturation irradiance.  
 
Figure 1.17 Optical setup of a z-scan experiment.  
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The optical set up of a typical z-scan measurement is as shown in Figure 1.17. 
The excitation source is a Spectra-Physics Ti:sapphire amplifier laser system. The 
laser output has a central wavelength of 800 nm and pulse duration of ~60 fs at a 
repetition rate of 1 kHz. The laser pulses are focused onto the sample contained in a 1 
mm path length quartz cuvette using a lens with a focal length of 15 cm, giving a 
focal spot size of ~40 μm (radius). In a z-scan measurement, the transmittance of the 
sample is measured as the sample is moved towards and away from the beam focus. 
The z-scan experimental setup is tested by measuring the third-order nonlinear 
absorption coefficient of a bulk ZnSe sample.  
1.5.3 Transient Absorption Measurements 
The electronic relaxation dynamics of noble metal nanocrystals, encompassing 
electron-electron scattering, electron-phonon scattering and phonon-phonon coupling, 
can be measured using femtosecond pump-probe spectroscopy. Transient absorption 
(TA) spectra and single wavelength dynamics of noble metal nanocrystals can be 
obtained from pump-probe measurements. The TA spectra of noble metal 
nanocrystals provide an insight on the behaviour of excited electrons as a function of 
time over a range of wavelengths probed. On the other hand, single wavelength 
dynamics measurements of noble metal nanocrystals allow one to study the electronic 
relaxation rates at the wavelength probed by fitting the time-resolved decay curves 
obtained. 
A typical optical set up for a pump-probe experiment using a Spectra-Physics 
femtosecond Ti:sapphire laser system is as shown in Figure 1.18. The laser pulses are 
generated from a mode-locked Ti:sapphire oscillator seeded regenerative amplifier 
with a pulse energy of 2 mJ at 800 nm and a repetition rate of 1 kHz. The 800 nm 
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laser beam is split into two portions. The larger portion of the beam is passed through 
a BBO crystal to generate the 400 nm pump beam through frequency-doubling. The 
intensity of the pump beam is attenuated with a neutral density filter and modulated 
by an optical chopper at a frequency of 500 Hz. The smaller portion of the 800 nm 
pulses is used to generate white light continuum in a 1 mm sapphire plate, which acts 
as the probe beam. The white light beam is further split into two portions: one as the 
probe and another as a reference to correct for the pulse-to-pulse intensity fluctuations. 
The pump beam is focused onto the sample with a beam size of 300 m and overlaps 
the smaller probe beam (100 m in diameter). The delay between the pump and probe 
pulses is varied by a computer-controlled translation stage (Newport, ESP 300).  
 
Figure 1.18 Optical setup of a pump-probe experiment. 
 
Pump-probe experiments are carried out at room temperature with the samples 
contained in a 1 mm path length quartz cuvette. During the measurements, the pump 
and probe energies are kept low to minimize photodamage to the samples. In a pump-
probe scan, the value of the normalized pump-induced absorption change (ln (T/T0)) 
is determined as a function of the delay time between the pump and probe pulses. The 
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transient absorption spectrum at different delay times is measured by passing the 
probe beam through a monochromator before a photodiode detector that is connected 
to the lock-in amplifier. 
1.6 Thesis Outline 
 From the earlier discussions on the optical properties of noble metal 
nanocrystals, the field of plasmonics is certainly an area holding great promise for a 
multitude of future applications. Having provided a brief introduction on this area of 
research, an outline of the research conducted in this thesis is given in this section.  
The refractive index sensitivities of noble metal nanocrystals are examined 
through an investigation of the effects of multipolar resonances and metal type in 
Chapter 2. Au and Ag nanocubes were prepared and used in the study. Besides having 
identical sizes, these nanocubes also have similar surface plasmon resonances. Ag 
nanocubes are measured to be twice as sensitive as Au nanocubes to changes in the 
surrounding dielectric media, at 336  15 nm/RIU. The quadrupolar resonance 
exhibits a FOM of 4.55. Both values are among the highest recorded in the spectral 
region investigated. The superior refractive index sensitivity of Ag nanocubes is 
attributed to the larger dielectric function of Ag relative to Au. The possession of 
larger index sensitivities by Ag nanocrystals has been further proven by coating a Ag 
shell over Au nanorods to form AuAg coreshell nanobars. Compared to pure Au 
nanobars with a similar dipolar plasmon resonance wavelength, the AuAg nanobars 
exhibit higher refractive index sensitivity as well as a larger FOM. 
Chapter 3 discusses the photoluminescence of noble metal nanocrystals by 
examining the influence of size and metal type on the photoluminescence quantum 
yields of nanocrystals of Au and Ag. Au nanooctahedra of various sizes are prepared 
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and found to exhibit quantum yields on the order of 10
-3
, of which the smallest Au 
nanooctahedra has the highest quantum efficiency. Small Au nanooctahedra 
experience small plasmon damping, thus creating a larger local field enhancement, 
leading to higher quantum efficiency. Moreover, emission from radiative interband 
electron-hole pair recombination and radiative decay of surface plasmons is observed 
for the first time. In comparing the effects of metal on the photoluminescence 
efficiency, Ag nanooctahedra are found to exhibit higher quantum yields than Au 
nanooctahedra. This is attributed to the larger local field enhancement of Ag than Au, 
brought about by a smaller imaginary component of its dielectric function. 
Chapter 4 examines the nonlinear optical switching capabilities of Au 
nanocubes and nanooctahedra. Z-scan measurements of both samples indicate that the 
saturable absorption observed at low excitation fluences flip signs to display reverse 
saturable absorption with increasing excitation intensities. The observation of 
saturable absorption is attributed to ground state bleaching of Au nanocubes and 
nanooctahedra. On the other hand, reverse saturable absorption is a consequence of 
excited state absorption as well as two-photon excited photoluminescence.  
In chapter 5, a method to assemble Au nanocrystals of various morphologies 
onto graphene oxide is devised. The strategy of Au nanocrystal attachment onto 
graphene oxide is based on the electrostatic interactions between negatively charged 
graphene oxide and positively charged Au nanocrystals. In addition, the linear and 
nonlinear optical properties of GO–Au nanocrystal composites were investigated. The 
localized surface plasmon resonances of these Au nanocrystals red-shifted from the 
visible to the near infrared when assembled on GO. A five-fold increase in emission 
intensity could be observed from the two-photon excited photoluminescence of the 
graphene oxide-Au nanooctahedra composites. The assembly of Au nanorods on 
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graphene oxide also reduced the electron-phonon scattering process due to additional 
electron scattering at the nanocrystal interface and hot electron injection from Au 
nanorods to the graphene oxide sheets. 
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REFRACTIVE INDEX SENSITIVITIES OF NOBLE METAL 
NANOCRYSTALS: THE EFFECTS OF MULTIPOLAR PLASMON 
RESONANCES AND THE METAL TYPE 
 
2.1 Introduction 
Localized surface plasmon resonances, which are associated with the 
collective oscillations of the free electrons in noble metal nanocrystals, exhibit rich, 
intriguing, and complex optical properties. They have received intense attention in 
recent years.
15
 It is now well-known that the localized plasmon resonance bands of 
noble metal nanocrystals, such as silver and gold, can be finely tuned from the visible 
to infrared spectral regions, owing to the strong dependence of these resonance bands 
on the nanocrystal material, morphology, dimension, as well as the surrounding 
dielectric medium. 
In particular, the response of the localized plasmon bands to the change in the 
surrounding dielectric medium has become the basis of localized surface plasmon 
resonance spectroscopy.
68
 The plasmonic shifts caused by the refractive index 
changes have been utilized to detect a variety of events occurring at the molecular 
scale, including protein interactions,
9–13
 antigenantibody binding,1418 inorganic ion 
sensing,
19
 as well as Alzheimer's biomarker recognition.
20,21
 A number of Au and Ag 
nanocrystals have been employed in an assortment of configurations to improve the 
detection limits and achieve better signal-to-noise ratios. To this end, zeptomole 
detection sensitivity has been demonstrated using Ag nanoparticles,
22
 and a refractive 
index sensitivity of 1096 nm/RIU (refractive index unit) at a resonance peak 
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wavelength of 1093 nm has been observed using Ag triangular nanoplates,
23
 among 
other similarly intriguing reports.
2427
 
An ideal noble metal nanostructure for sensing the index change in the 
surrounding medium should combine a high refractive index sensitivity with a large 
figure of merit (FOM). With regards to the effect of the nanocrystal geometry on the 
refractive index sensitivity, many studies have been devoted to the identification of 
the pivotal parameters that determine the index sensitivity of metal nanocrystals. The 
index sensitivity has been found to generally increase for nanocrystals with longer 
plasmon wavelengths, higher curvatures, and larger polarizabilities.
23,28,29
 However, a 
majority of these studies deal with the same metal type in their investigations without 
paying particular attention to the role of metals on the index sensitivity. There have 
been a few studies of the role that metals play on the index sensitivity.
30,31
 In those 
studies, the index sensitivities of Au and Ag nanocrystals have been compared, but 
the studies are incomplete as the plasmon wavelengths of the nanocrystals are very 
different. As such, further careful studies are required to elucidate the specific role of 
metals on the index sensitivity. 
Aside from the refractive index sensitivity, the FOM is also often used to 
characterize the capability of metal nanocrystals in plasmonic sensing. The FOM is 
defined as the ratio of the refractive index sensitivity to the plasmon resonance 
linewidth at the half of the peak maximum.
32
 A high FOM brought about by a narrow 
linewidth is strongly desirable because a small change in the refractive index of the 
surrounding medium can lead to a distinct spectral shift as well as an obvious change 
in intensity at the same wavelength. The FOMs of ensemble metal nanocrystals are 
mainly affected by two parameters: the size uniformity of metal nanocrystals and the 
intrinsic linewidth of the plasmon mode. Improving the size uniformity of metal 
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nanocrystals can reduce the inhomogeneous broadening of the plasmon resonance 
peak. As for the intrinsic linewidth of metal nanocrystals, the dipolar plasmon 
resonance generally has low FOMs due to broad plasmon resonance peaks caused by 
high radiative damping. The largest FOMs reported for the dipolar resonances are 
currently in the range of 4.34.5 for freestanding Au and Ag nanocrystals that have 
plasmon resonances in the near-infrared region.
23,28,29
 Such large FOMs mainly result 
from high refractive index sensitivities rather than narrow plasmon resonance 
linewidths. The FOMs of the dipolar plasmon resonances drops dramatically when the 
resonances are in the visible region, with values hovering around 23 in most 
cases.
23,28,29
 In order to improve the FOM in the visible region, multipolar plasmon 
resonances can be utilized because these resonances cannot couple effectively to the 
far-field, thereby leading to narrower linewidths. 
In this study, we demonstrate that Ag nanocubes possess a high refractive 
index sensitivity as well as a high FOM in the visible region. Ag nanocubes of 84 nm 
in size support a dipolar resonance as well as higher-order quadrupolar and octupolar 
resonances. The dipolar resonance has an index sensitivity of 336  15 nm/RIU while 
the quadrupolar resonance exhibits an FOM of 4.55. Both of the values are among the 
highest achieved in the visible region from a single sample of metal nanocrystals. The 
possession of large FOMs arising from the multiple plasmon resonances makes the 
Ag nanocubes appealing for use as highly sensitive plasmonic sensors. In addition, 
the role metals play in the refractive index sensitivity has been examined both 
experimentally and theoretically using Ag and Au nanocubes with similar particle 
dimensions as well as similar dipolar plasmon resonance wavelengths. The results 
indicate unequivocally that the dipolar plasmon resonance of the Ag nanocubes is 
twice as sensitive as that of the Au nanocubes to the index change. The difference is 
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attributed to a larger dielectric function of Ag in comparison to Au. The possession of 
larger index sensitivities by Ag nanocrystals has been further proven by coating a Ag 
shell over Au nanorods to form AuAg coreshell nanobars. Compared to pure Au 
nanobars with a similar dipolar plasmon resonance wavelength, the AuAg nanobars 
exhibit a higher refractive index sensitivity as well as a larger FOM. 
2.2 Experimental Methods 
2.2.1 Materials  
Cetyltrimethylammonium bromide (CTAB, 99%, Sigma), ascorbic acid (>99%, 
Sigma-Aldrich), cetyltrimethylammonium chloride (CTAC, 25 wt% in water, 
Aldrich), poly(vinylpyrrolidone) (PVP, MW ~ 55,000, Aldrich), HAuCl43H2O 
(>99.9%, metal basis, Sigma-Aldrich), AgNO3 (>99%, metal basis, Sigma-Aldrich), 
CuCl2 (97%, Aldrich), 1,5-pentanediol (96%, Aldrich), ethylene glycol (99%, 
ReagentPlus, Sigma-Aldrich), and glycerol (99%, Sigma-Aldrich) were used as 
received. Deionized water with a resistivity of 18.1 Mcm was used in all of the 
preparations. 
2.2.2 Growth of Ag Nanocubes  
The Ag nanocubes were prepared following a procedure described previously 
by others.
33
 Briefly, a CuCl2 solution (60 mM) was prepared by dissolving CuCl2 
(0.080 g, 0.60 mmol) in 1,5-pentanediol (10 mL) in a glass vial. In a separate glass 
vial, PVP (0.20 g) was dissolved in pentanediol (10 mL). The solutes in both of the 
solutions were dissolved completely through ultrasonication and vortexing. A 
precursor solution of silver (120 mM) was made by dissolving AgNO3 (0.20 g, 1.2 
mmol) in pentanediol (10 mL) and adding the pre-prepared CuCl2 solution (20 L). 
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Another portion of pentanediol (20 mL) was then added in a glass flask and heated to 
190 C in an oil bath. After pentanediol was kept at 190 C for 10 min, the pre-made 
AgNO3 and PVP solutions were alternately injected at regular intervals. The AgNO3 
solution was quickly added at an amount of 0.5 mL every minute, while the PVP 
solution was injected dropwise at an amount of 0.25 mL every 30 s. The addition 
process was lasted for 20 min for the growth of the Ag nanocubes and then the 
reaction was stopped by taking the reaction flask out of the oil bath. 
2.2.3 Growth of Au Nanocubes 
The Au nanocubes were grown according to a modified polyol reduction 
method.
34
 Briefly, AgNO3 (5 mM), HAuCl4 (0.05 M), and PVP (0.15 M) solutions 
were first prepared by dissolving the corresponding solutes in pentanedione. After 
another portion of pentanediol (5 mL) was brought under reflux in a glass flask, the 
AgNO3 solution (5 mM, 0.15 mL) was added into the boiling solution. The PVP (0.15 
M, 3 mL) and HAuCl4 (0.05 M, 3 mL) solutions were subsequently added into the 
reaction mixture at intervals of 30 s over a course of 7.5 min. The resulting solution 
was kept under reflux for one more hour to complete the reaction. The products were 
collected from the cooled reaction mixture via centrifugation and washed repeatedly 
with ethanol before being finally dispersed in water. 
2.2.4 Growth of Au and AuAg CoreShell Nanobars 
The growth of the Au and AuAg coreshell nanobars requires the pre-growth 
of Au nanorods as starting materials for the subsequent overgrowth. The Au nanorod 
cores were prepared using a seed-mediated method.
35
 Specifically, the seed solution 
was made by injecting a freshly prepared, ice-cold aqueous NaBH4 solution (0.01 M, 
0.6 mL) into an aqueous mixture composed of HAuCl4 (0.01 M, 0.25 mL) and CTAB 
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(0.1 M, 9.75 mL), followed by rapid inversion mixing for 2 min. This seed solution 
was kept at room temperature for more than 2 h before use. The growth solution was 
made by the sequential addition of aqueous HAuCl4 (0.01 M, 2 mL), AgNO3 (0.01 M, 
0.6 mL), HCl (1.0 M, 0.8 mL), and ascorbic acid (0.1 M, 0.32 mL) solutions into an 
aqueous CTAB (0.1 M, 40 mL) solution. The resultant solution was mixed by 
swirling for 30 s, followed by the addition of 0.3 mL of the seed solution. The 
resultant reaction solution was gently mixed by inversion for 2 min and then left 
undisturbed overnight. 
The pre-grown Au nanorods were then used directly for the overgrowth. For 
the preparation of the Au nanobars, aqueous ascorbic acid (0.1 M, 0.45 mL) and 
HAuCl4 (0.01 M, 2.5 mL) solutions were added to a portion of the Au nanorod 
solution (10 mL). The reaction mixture was allowed to react for 15 min. The product 
was washed by two cycles of centrifugation and redispersion in water. 
The growth of the AuAg coreshell nanobars was carried out according to a 
reported procedure.
36
 Briefly, the as-grown Au nanorod solution (2 mL) was first 
centrifuged and redispersed in an aqueous CTAC solution (80 mM, 2 mL). The 
centrifugation was repeated once to replace the bromide ions with the chloride ions. 
The precipitate was then redispersed in CTAC (80 mM, 0.5 mL). The obtained Au 
nanorod solution was thereafter added to a growth solution made of CTAC (80 mM, 
10 mL), ascorbic acid (0.1 M, 0.5 mL), and AgNO3 (0.01 M, 0.15 mL). The reaction 
mixture was heated in a water bath at 70 C for 3 h. The product was washed by 
centrifugation and redispersed in water. 
2.2.5 Sample Characterization 
Scanning electron microscopy (SEM) and high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) were employed to 
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characterize the geometrical properties of the Ag and Au nanostructure samples. The 
SEM images were taken on an FEI Quanta 400 FEG microscope. The HAADF-STEM 
images of the AuAg coreshell nanobars were acquired on an FEI Tecnai F20 
microscope. 
2.2.6 Measurements of the Extinction Spectra and Refractive Index Sensitivities  
The extinction spectra of the colloidal nanocrystal solutions were measured on 
a Hitachi U-3501 UV-visible-NIR spectrophotometer with 1-cm quartz cuvettes. To 
determine the refractive index sensitivities, the nanocrystal samples were dispersed in 
waterethylene glycol or waterglycerol mixture solvents with varying volume 
percentages, and the extinction spectra were measured. From the extinction spectra, 
the plasmon resonance wavelengths were obtained, and the plasmon shifts relative to 
the plasmon resonance wavelengths obtained when the nanocrystal samples were 
dispersed in water were calculated. The refractive indices of the mixture solvents 
were calculated from the volume percentages of the ingredients according to the 
Lorentz-Lorenz equation.
28
 The used refractive indices of the pure solvents were 
1.3334, 1.4318, and 1.4746 for water, ethylene glycol, and glycerol, respectively. The 
plasmon shifts were then plotted as a function of the refractive index. The refractive 
index sensitivities were obtained from linear fitting. 
2.2.7 Electrodynamic Simulations 
The electrodynamic simulations were performed using the finite-difference 
time-domain (FDTD) method with the software of FDTD Solutions 6.0 from 
Lumerical Solutions, Inc. The dielectric functions of gold and silver were formulated 
using a combination of the Drude and Lorentz models, with the parameters chosen to 
match the experimental dielectric data as close as possible. In the calculations, an 
electromagnetic pulse in the wavelength range of 470930 nm was launched into a 
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box containing the target noble metal nanostructure to simulate a propagating plane 
wave interacting with the nanostructure. The noble metal nanostructure and its 
surrounding medium inside the box were divided into meshes of 0.5 nm in size. The 
refractive index of the surrounding medium was set to be that of water or the mixture 
solvent. For the Ag and Au nanocubes, the electric field of the pulse was set to be 
parallel to one of the edges of the nanocube. For the Au and AuAg nanobars, the 
electric field of the pulse was set to be parallel to the length direction of the nanobar. 
2.3 Results and Discussion 
2.3.1 Plasmon Resonances of Ag and Au Nanocubes  
 
Figure 2.1 (a, b) SEM images of the Ag and Au nanocubes, respectively. (c) 
Extinction spectra of the Ag and Au nanocubes. 
 
The polyol reduction method was used to prepare the Ag and Au nanocubes, 
with PVP as a capping agent. Figure 2.1 shows the SEM images and extinction 
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spectra of the respective nanocubes. The number yields of the nanocubes are high. 
They are 90% and 80% for the Ag and Au nanocubes, respectively. The nanocubes 
are relatively uniform in size. Their average edge lengths are measured to be 84  6 
nm and 77  6 nm, respectively. The size difference between the Ag and Au 
nanocubes is therefore 9%. The extinction spectra of the nanocubes in water show 
distinct peaks. The Au nanocubes have only one peak at 563 nm, while the Ag 
nanocubes have four peaks, with a broad one at 534 nm and three sharper ones at 454, 
386, and 349 nm, respectively. The broad peaks possessed by both the Ag and Au 
nanocubes are in a similar spectral region. 
 
Figure 2.2 (a, b) Measured and calculated extinction spectra of the Ag and Au 
nanocubes, respectively. (c) Charge distributions of the different plasmon resonance 
modes with the corresponding peaks labeled on the extinction spectra. The charge 
distributions were calculated on the cross sections that are parallel to one face of the 
nanocube and intersect with the center of the nanocube. The excitation polarization 




FDTD calculations were performed on the nanocubes to elucidate the nature 
of the plasmon resonance modes that correspond to the peaks on the extinction 
spectra. The calculated extinction spectra are in good agreement with the measured 
ones (Figures 2.2a and b). In the case of the Au nanocubes, the single peak centered at 
563 nm corresponds to a dipolar plasmon mode, which can be revealed by the charge 
distribution diagram (Figure 2.2c). The presence of a dipolar mode in Au nanocubes 
has been documented previously. Our results are consistent with these previous 
findings.
34,37
 The Ag nanocubes exhibit much richer plasmonic behaviors than the Au 
nanocubes. The charge distributions obtained from the FDTD calculations reveal that 
the broad extinction peak owned by the Ag nanocubes at 534 nm arises from a dipolar 
resonance. The calculated extinction spectrum of the Ag nanocubes also shows three 
peaks at shorter wavelengths. From the charge distributions, the peaks at 454 nm and 
386 nm can be ascribed to quadrupolar plasmon modes and the highest-energy peak at 
349 nm can be attributed to an octupolar mode in nature. We also note that the 
quadrupolar peak at 386 nm and the octupolar peak at 349 nm observed on the 
measured extinction spectrum are much sharper than those on the calculated spectrum 
for the Ag nanocubes (Figure 2.2a), although the experimental spectrum was acquired 
from the ensemble Ag nanocube sample in the presence of an inhomogeneous size 
distribution and the simulated spectrum was calculated from a single Ag nanocube 
with the average size. The difference is believed to arise from the fact that the 
excitation polarization was set to be parallel to one of the edges of the nanocube 
during the FDTD calculation, while during the measurement the excitation 
polarization is along different directions for the different nanocubes in the solution. 
The excitation of the multipolar plasmon modes of metal nanocubes along the oblique 
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direction has been known to be more efficient than that along the normal direction of 
the exterior facets of the nanocube.
38
 
The presence of sharp, multipolar plasmon resonance peaks has also been 
mentioned in previous single-particle scattering studies on Ag nanocubes.
32,33,39
 
However, the multipolar resonance peaks observed in those studies have been 
attributed to the interaction between Ag nanocubes and dielectric substrates rather 
than to the intrinsic plasmonic properties of Ag nanocubes. In addition, multipolar 
plasmon resonance peaks have also been observed from Ag nanocubes in solutions in 
a recent study, although the nature of all of the resonance peaks has not been clearly 
elucidated.
37
 Owing to the presence of the multipolar plasmon resonance peaks in the 
solution, the Ag nanocubes grown in this work offer a good opportunity for directly 
comparing the refractive index sensitivities of the different plasmon resonance modes 
in a single sample. 
2.3.2 Refractive Index Sensitivities of Ag and Au Nanocubes 
The Ag nanocubes were dispersed in binary mixtures of water and ethylene 
glycol with varying volume percentages of ethylene glycol to investigate the 
refractive index sensitivities of the different plasmon modes. All of the plasmon peaks 
red-shift as the refractive index of the solvent is increased (Figure 2.3a). The plasmon 
shifts were determined by taking the difference between the resonance peak 
wavelengths of the Ag nanocubes dispersed in the mixture solvent and in pure water. 
The refractive indices of the mixture solvents were calculated according to the 
Lorentz-Lorenz equation.
28
 When the plasmon shifts were plotted as a function of the 
refractive index, an approximately linear dependence was observed for all of the 
plasmon modes (Figure 2.3b, solid symbols and lines). Linear fitting of the plasmon 
shift versus the refractive index gave the refractive index sensitivities for the different 
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plasmon modes of the Ag nanocubes. Their values are listed in Table 2.1. The dipolar 
mode exhibits the highest index sensitivity of 336  15 nm/RIU and the octupolar 
mode has the lowest index sensitivity of 41  2 nm/RIU. The index sensitivities of the 
different plasmon modes of the Ag nanocubes are seen to decrease as the plasmon 
resonance wavelength becomes shorter. 
 
Figure 2.3 (a) Extinction spectra of the Ag nanocubes acquired by dispersing the 
nanocubes in the different solvent mixtures. (b) Shifts of the different plasmon 
resonance modes of the Ag nanocubes as a function of the refractive index. (c) 
Extinction spectra of the Au nanocubes acquired by dispersing the nanocubes in the 
different solvent mixtures. (d) Shifts of the plasmon mode of the Au nanocubes as a 
function of the refractive index. The numbers in (b) and (d) indicate the different 
plasmon modes as in Figure 2a and b. (e) Comparison of the refractive index 
sensitivity of the dipolar plasmon mode between the Ag and Au nanocubes. The solid 
and hollow symbols represent the measured and calculated plasmon shifts, 
respectively. The lines are linear fits. 
 
The refractive index sensitivities of the different plasmon modes were also 
determined by using FDTD to simulate the extinction spectra (Figure 2.4a) of the Ag 
nanocubes dispersed in media of varying refractive indices and linearly fitting the 
plasmon shift as a function of the refractive index (Figure 2.3b). The index 
sensitivities determined from the FDTD calculations for the different plasmon modes 
also decrease as the plasmon wavelength gets shorter, which is in agreement with the 
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experimental trend. In addition, the measured index sensitivities are generally slightly 
smaller than those obtained from the FDTD calculations, except for the dipolar 
resonance mode of the Ag nanocubes (Table 2.1). The exception of the dipolar mode 
is probably due to the large measurement error. The smaller measured index 
sensitivities are believed to be caused by the PVP capping layer on the Ag nanocubes. 
Due to the presence of the PVP capping layer around the Ag nanocubes, the real 
index change in the surrounding region of the nanocube is smaller than that 
determined from the volume percentages of the ingredients when the mixture solvent 
composition is varied. As a result, the measured index sensitivity should be smaller 
than that of the corresponding bare Ag nanocubes, which is exactly the case in the 
FDTD simulations. Although the effect of the capping layer on the index sensitivity 
of the Ag nanocubes cannot be clearly elucidated at this stage, such a comparison 
between the measured and calculated index sensitivities is still useful. 
 
Figure 2.4 Calculated extinction spectra of (a) the Ag nanocubes, and (b) the Au 
nanocubes as a function of the refractive index of the surrounding medium. 
 
The FOMs of the different resonance modes of the Ag nanocubes were also 
determined from the measured index sensitivities and the resonance peak widths on 
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the extinction spectra and listed in Table 2.1. The peak widths for the determination 
of the FOMs were obtained by fitting the extinction spectra with a combination of 
multiple Gaussian functions and a linear background. Even though the dipolar mode 
has the highest index sensitivity, its FOM is relatively small at 1.2, owing to its 
relatively large peak width. In contrast, the quadrupolar mode at 454 nm possesses a 
FOM of 4.6, almost 4 fold larger than that of the dipolar mode, owing to its narrow 
resonance peak. This is perhaps one of the largest FOMs obtained from ensemble 
extinction measurements in the visible spectral region. Despite the lower index 
sensitivity of the quadrupolar mode compared to that of the dipolar mode, the higher 
FOM of the quadrupolar mode implies that it is more suitable for the development of 
plasmonic sensors on the basis of measuring transmitted light intensity changes at a 
fixed wavelength. Additionally, the other resonance modes also exhibit higher FOMs 
in comparison to the dipolar mode. We further calculated the FOMs of the different 
modes of the Ag nanocubes according to the index sensitivities and plasmon 
resonance peak widths obtained from the FDTD simulations. Because of the 
inhomogeneous size distributions of the ensemble sample, the experimental FOMs are 
generally smaller than the calculated ones (Table 2.1), except for the quadrupolar 
mode at 386 nm. For this plasmon mode, the resonance peak on the simulated 
spectrum is much broader than that on the experimental one, as mentioned above. 
In the case of the Au nanocubes, the refractive index sensitivity and FOM of 
the dipolar mode were measured to be 147  3 nm/RIU and 1.5, respectively (Figures 
2.3c and d). Similar to the Ag nanocubes, the experimentally measured index 
sensitivity of the Au nanocubes is also slightly lower than that obtained from the 
FDTD calculations (Figure 2.4b), and the experimentally determined FOM is smaller 
than the calculated one. 
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Ag nanocubes 534 336  15 325  1 1.2 2.1 
 454 173  2 236  1 4.6 8.7 
 386 97  4 123  5 2.3 2.0 
 349 41  2 51  2 2.3 4.3 
Au nanocubes 563 147  3 161  5 1.5 2.0 
AuAg 
nanobars 
629 287  10 368  5 3.1 8.0 
Au nanobars 650 219  7 339  5 2.1 3.2 
 
The Ag nanocubes grown in this work have a dipolar plasmon resonance 
above 500 nm, which is not commonly observed from Ag nanocrystals. As a result, 
the dipolar plasmon resonance wavelength of the Ag nanocubes is very close to that 
of the Au nanocubes (Figure 2.1c). This, together with the facts that both the Ag and 
Au nanocubes are of similar sizes and stabilized with the same capping agent, allows 
us to investigate the role metal plays in the refractive index sensing behavior of noble 
metal nanocrystals. A comparison of the refractive index sensitivities of the dipolar 
modes of both the Ag and Au nanocubes is provided in Figure 2.3e and Table 2.1. 
Both the experiments and FDTD calculations show that the Ag nanocubes are ~2 fold 
more sensitive to the index change in the surrounding medium than the Au 
nanocubes. This difference in the index sensitivity can be ascribed to the role of the 
different metals, since the other parameters that might affect the index sensitivities of 
these nanocrystals, such as the nanocrystal size and plasmon resonance wavelength, 
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are very similar for both the Ag and Au nanocubes. In addition, both the measured 
and calculated FOMs of the dipolar mode of the Ag nanocubes are close to those of 
the Au nanocubes, because the dipolar resonance peak of the Ag nanocubes is broader 
than that of the Au nanocubes (Figure 2.1c). 
The observation of a higher refractive index sensitivity from the Ag nanocubes 
in comparison with the Au nanocubes is intriguingly different from an earlier 
finding.
30
 In that study, noble metal nanocrystals with the same size and geometry 
have been shown to possess the same index sensitivity regardless of the nanocrystal 
composition because these metals have similar spectral dispersions of the real parts of 
their dielectric functions. The spectral dispersion of the real part of the metal 
dielectric function has been shown to be a critical factor in determining the response 
of the plasmon bands to the index change in the surrounding dielectric medium while 
the imaginary part is primarily responsible for the relative contribution of the optical 
scattering to the total extinction. These results have been further confirmed through 
discrete dipole approximation calculations, where the refractive index sensitivities of 
Ag, Au, as well as AgAu alloy nanorods have been found to be independent of the 
type of metals. 
On the other hand, the plasmon resonances of nanocrystals composed of 
different noble metals will be at different spectral positions. This has been proven 
experimentally in the case of Ag, Au, and AgAu alloy nanospheres that have an 
identical size.
40
 Separate studies have shown that the index sensitivities of the 
plasmon resonances of noble metal nanocrystals generally increase with increasing 
plasmon resonance wavelengths.
23,28
 In the previous study,
30
 the difference in the 
plasmon resonance wavelengths has not been taken into account during the evaluation 
of the refractive index sensitivities of nanocrystals with different compositions. In 
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addition, for noble metal nanocrystals having the same composition and very similar 
plasmon wavelengths but different structural geometries, the product of the 
nanocrystal curvature and polarizability needs attention, since the index sensitivity in 




In our study, the Ag and Au nanocubes have the same geometry, similar sizes 
and plasmon resonance wavelengths, but exhibit different index sensitivities. The 
small difference in the particle morphology arising from the slightly different edge 
truncation between the Ag and Au nanocubes is not expected to bring about a 2-fold 
difference in the refractive index sensitivity. The difference in the refractive index 
sensitivity between the Ag and Au nanocubes can be ascribed solely to the different 
metals. 
 
Figure 2.5 Dielectric functions of bulk silver and gold.  
 
In general, the refractive index sensitivity of noble metal nanocrystals is a 
measure of the response of their plasmon resonances to the change in the surrounding 
dielectric medium, which is in turn affected by a combination of factors such as 
polarizabilities, scattering efficiencies, and local electric field enhancements. Under 
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the conditions of similar plasmon resonance wavelengths, sizes, and shapes, these 
factors are mainly determined by the dipole moment. The magnitude of the dipole 
moment indicates how easily the metal can be polarized, and is positively correlated 
to the refractive index sensitivity of metal nanocrystals. Because the magnitude of the 
dipole moment is ultimately dependent on the dielectric function of the metal, it 
would be more appropriate to consider the real and imaginary parts of the dielectric 
function of the involved metal (Figure 2.5). The magnitude of the real dielectric 
function of silver is larger than that of gold in the visible spectral region. At the 
dipolar plasmon resonance wavelength region of the Ag and Au nanocubes, the 
magnitude of the real dielectric function of silver is ~1.5 fold larger than that of gold. 
A larger magnitude of the real dielectric function will lead to more polarized charges 
in the nanocrystal and thus a greater amount of induced charges in the surrounding 
medium. In addition, the imaginary dielectric function of gold shows a sharp increase 
below the wavelength of ~600 nm. The increase is known to arise from the electron 
interband transitions. The plasmon resonance can be damped by the interband 
transitions. The plasmon damping will also reduce the magnitude of the dipole 
moment. As a result, the larger magnitude of the dipole moment of the Ag nanocubes 
gives the higher index sensitivity. Moreover, the FDTD calculations show that the 
polarizability of the Ag nanocubes at the dipolar plasmon wavelength is ~1.6 fold 
greater than that of the Au nanocubes. This computational result is therefore in 
agreement with the experimental finding that the Ag nanocubes exhibit a higher index 
sensitivity than the Au nanocubes at their dipolar plasmon modes. We also note that 
the measured index sensitivity of the Ag nanocubes is probably one of the highest 




2.3.3 Refractive Index Sensitivities of the AuAg coreshell and Au Nanobars  
Building on the knowledge that the Ag nanocubes exhibit a larger index 
sensitivity than the Au nanocubes, we extended our study to coat Au nanorods with a 
Ag shell to verify that an additional Ag shell can increase the refractive index 
sensitivity of the new coreshell nanostructure in comparison to pure, uncoated Au 
nanobars with similar longitudinal plasmon wavelengths. AuAg coreshell 
nanostructures were chosen because elongated Ag nanocrystals are found to be 
unstable in aqueous solutions. They automatically turn into spheres at room 
temperature within time periods from hours to days, depending on growth conditions. 
The use of Au nanorods as cores stabilizes the Ag shell. 
 
Figure 2.6 (a) HAADF-STEM image of the AuAg coreshell nanobars. (b) SEM 
image of the Au nanobars. (c) Experimental (solid lines) and calculated (dashed lines) 
extinction spectra of the Au (red) and AuAg (blue) nanobars. (d) Measured (solid 
symbols) and calculated (hollow symbols) plasmon shifts of the Au (circles) and 




The growth of the AuAg coreshell nanostructures followed a previously 
reported growth procedure.
36
 The resultant products are essentially elongated 
nanobars with flat ends and side facets, which is in agreement with the previous 
characterization results.
36
 The number yield of the coreshell nanobars is above 95%. 
HAADF-STEM imaging (Figure 2.6a) shows that the Ag shell is uniformly coated on 
the side facets of the Au nanorod cores, with the shell thickness at the ends being 
smaller than that at the side facets. The average length and thickness of the AuAg 
nanobars are measured to be 49  4 and 25  1 nm, respectively. The thicknesses of 
the Ag shell at the side and end facets are 6  1 and 3  1 nm, respectively. The 
AuAg coreshell nanobars exhibit a longitudinal plasmon wavelength of 629 nm in 
aqueous solutions (Figure 4c, blue lines). In order to compare the index sensitivities 
of metal nanocrystals with different compositions but similar geometries and plasmon 
wavelengths, we also grew Au nanobars following a procedure similar to that for the 
growth of the AuAg nanobars. The resultant products have flat facets at the side and 
ends. Their average length and thickness are 73  7 and 41  3 nm, respectively. The 
number yield is above 85% (Figure 2.6b). The ensemble Au nanobars in aqueous 
solutions exhibit a longitudinal plasmon wavelength of 650 nm, which is close to that 
of the AuAg nanobars (Figure 2.6c). The Au nanobars also display a transverse 
plasmon resonance peak at 520 nm. FDTD simulations were performed on the two 
types of nanobar samples. The obtained extinction spectra are in good agreement with 
the experimental ones (Figure 2.6c). A small peak seen on the calculated extinction 
spectrum at 730 nm for the AuAg nanobars is believed to arise from the interference 
of the electron oscillations at the interface between the Au core and the Ag shell. 
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The two types of nanobar samples were dispersed in waterglycerol mixture 
solvents with varying volume percentages of glycerol for the measurement of their 
refractive index sensitivities. Glycerol was used instead of ethylene glycol to prevent 
aggregation of the nanobars in the solvents, because the nanobar samples are 
stabilized with cetyltrimethylammonium cationic surfactant molecules. Both the 
experiments and FDTD simulations show that the plasmon resonance peak red-shifts 
as the refractive index of the mixture solvent is increased (Figure 2.7). The 
longitudinal plasmon shifts versus the refractive index are compared in Figure 2.6d 
for the AuAg coreshell and pure Au nanobars. Linear fitting gives index 
sensitivities of 287  10 and 219  7 nm/RIU, respectively. The difference in the 
sensitivity is 31%. The FDTD calculations also show that the index sensitivity of the 
AuAg coreshell nanobars is higher than that of the Au nanobars, with a difference 
of 9%. Similar to the case of the Ag and Au nanocubes, the calculated index 
sensitivities are higher than the experimentally measured ones (Figure 2.6d and Table 
2.1). In addition, the larger experimental sensitivity difference is attributed to the 
possible different amounts of the capping molecules on the Ag and Au surfaces. It is 
clear from these results that the AuAg nanobars are more sensitive to the index 
change in the surrounding medium than the Au nanobars in nearly the same spectral 
region, even though the particle volume of the former is 4 fold smaller than that of the 
latter. The increased index sensitivity is brought about by the coating of an additional 
Ag layer over the Au nanorods. Moreover, as shown in Table 2.1, the measured FOM 
for the AuAg nanobars is 1.5-fold larger than that for the Au nanobars, and the 
calculated FOM for the former is 2.5-fold larger than that for the latter. The larger 
FOM of the AuAg nanobars is caused by a narrower resonance peak width arising 





results therefore point out a way for increasing both the refractive index sensitivities 
and FOMs of pure Au nanorods by coating Ag shells. 
 
Figure 2.7 (a and b) Experimentally measured and calculated extinction spectra of the 
Au nanobars, respectively, as a function of the refractive index of the surrounding 
medium. (c and d) Experimentally measured and calculated extinction spectra of the 
AuAg nanobars, respectively, as a function of the refractive index of the surrounding 
medium. 
 
The Au nanobars are seen to exhibit a higher index sensitivity than the Au 
nanocubes (Table 2.1). This is ascribed to the red shift of the dipolar resonance mode 
in water from 563 to 650 nm. On the other hand, a slight decrease in the index 
sensitivity is observed from the Ag nanocubes to AuAg nanobars despite a red shift 
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of the dipolar plasmon resonance. This can be due to two factors. One is that the 
longitudinal plasmon resonance of the AuAg nanobars is essentially contributed 
jointly by both the Au nanorod core and the Ag shell. The Ag shell at a thickness of 6 
nm cannot completely shield the contribution of the Au nanorod core to the 
longitudinal plasmon resonance. The other is that the particle volume of the Ag 
nanocubes is 19 fold larger than that of the AuAg nanobars. A larger particle volume 
gives a greater polarizability. 
2.4 Conclusions 
The refractive index sensitivities of the four plasmon modes of the Ag 
nanocubes have been studied through both experimental measurements and FDTD 
simulations. Our results indicate that the dipolar resonance mode of the Ag nanocubes 
has the highest index sensitivity, while one of the quadrupolar modes displays the 
highest FOM due to the narrow resonance peak width. This results suggest the high 
potential of using the Ag nanocubes for the design of highly sensitive plasmonic 
sensors. The effect of the metal type on the refractive index sensitivity has also been 
investigated through the use of the similarly-sized Ag and Au nanocubes that have 
dipolar plasmon resonances in nearly the same spectral region. The dipolar resonance 
of the Ag nanocubes is twice as sensitive to the index change in the surrounding 
medium as that of the Au nanocubes. This is ascribed to the fact that silver has a 
larger magnitude of the real dielectric function and a smaller imaginary dielectric 
function than gold. A comparison of the index sensitivity has further been made 
between the AuAg coreshell and pure Au nanobars that exhibit longitudinal 
plasmon resonances in nearly the same spectral region. The results demonstrate that 
coating a layer of silver brings about a higher index sensitivity in comparison to the 
pure Au nanobars. Our work demonstrates the superiority of silver nanostructures as a 
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plasmonic sensing material compared to gold nanostructures and the high potential of 
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CHAPTER 3 
PHOTOLUMINESCENCE OF NOBLE METAL NANOCRYSTALS: THE 
EFFECTS OF NANOCRYSTAL SIZES AND COMPOSITIONS 
 
3.1 Introduction 
Noble metal nanocrystals represent an intriguing class of materials due to their 
fascinating optical properties arising from their surface plasmon resonances (SPR). 
Through a careful control of nanocrystal morphologies, the SPR of noble metal 
nanocrystals can be continuously tuned from the visible to the near infrared.1-3 Noble 
metal nanocrystals with symmetrical shapes and sharp apices, such as cubes and 
octahedra, have recently been synthesized successfully.4-9 Metal nanocrystals with 
sharp edges/apices are popularly known able to generate strong electromagnetic fields 
around the edges.7,10,11 Enhanced electromagnetic field is favorable for applications 
such as surface-enhanced Raman scattering (SERS) and metal-enhanced 
fluorescence.12-14  
In contrast, the photoluminescence (PL) properties of noble metal nanocrystals 
have been less understood and elucidated compared to the plasmon resonance 
absorption,  partially due to their low emission efficiencies.15 It was when the first 
reports on Au nanorods displaying greatly enhanced quantum efficiencies on the order 
of 10-3 and two-photon absorption cross sections of 2300 GM16,17 that the PL 
properties of noble metal nanocrystals started receiving increasing attention. 
Consequently, noble metal nanocrystals have found increasing potential applications 
in multiphoton imaging,18-20 photothermal therapy21-23 as well as optical data 
storage.24  
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Currently there are two main propositions of the mechanisms giving rise to 
enhanced PL emission from noble metal nanocrystals compared to their bulk 
counterparts. Excitation of the noble metal nanocrystals by a light source creates 
electron-hole pairs in the nanoparticles, whereby electrons are excited into the sp-
band above the Fermi level while the holes are left behind in the d-band. Subsequent 
radiative recombination of these electron-hole pairs, which tends to occur around the 
L and X points of the Brillouin zone for Au, gives rise to PL in the visible.25 A 
dramatic increase in quantum efficiencies observed in noble metal nanoparticles over 
the bulk has been attributed to the enhancement of incoming and outgoing electric 
fields via coupling to the SPR.16,26-28 On the other hand, it has also been argued that 
radiative decay of surface plasmons is directly responsible for the observed PL 
emission in both Ag and Au.29-31 Spectral similarities between the scattering spectra 
of individual Au nanorods and their PL spectra have been observed.32 Although 
various evidences have been put forward to support the respective arguments, there 
has been no consensus reached on the general mechanism giving rise to the observed 
PL emission from noble metal nanocrystals.  
 While the PL arising from Au nanocrystals has received significant research 
attention, reports on the PL of Ag nanocrystals are scarcer.33-35 A recent study 
investigated the size dependent PL from Ag nanoparticles, in which two emission 
bands were observed when the nanoparticles decreased to around 10 nm.31 The 
emission bands were attributed to the radiative interband recombination as well as 
radiative decay of surface plasmons. In addition, there has been no direct comparison 
of the PL properties of Au and Ag nanocrystals recently. The report by Boyd on the 
PL of roughened Ag and Au films is perhaps the only study which provided a 
comparison between the two noble metals.26 This information is not only 
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fundamentally important, it is also crucial to cater for the diverse fields of applications 
ranging from enhancing solar cells efficiencies to optimizing biological imaging 
capabilities. 
In this study, a size-dependent investigation on the PL properties of Au 
nanooctahedra was carried out. PL emission arising from both radiative interband 
recombination of electron-hole pairs at the L and X points of the Brillouin zone as 
well as radiative decay of surface plasmons were observed, indicating that both 
mechanisms are responsible for the PL in Au nanooctahedra. All Au nanooctahedra 
were found to exhibit quantum efficiencies on the order of 10-3, with smaller 
nanooctahedra having higher yields than larger ones. This is brought about by a 
smaller plasmon damping in the small nanooctahedra, thereby creating a larger local 
field enhancement. A comparison was also made between Au and Ag nanocrystals, 
using nanocubes and nanooctahedra of both metals having similar dimensions. Both 
Ag nanocubes and nanooctahedra have higher quantum efficiencies than the Au 
counterparts. The quantum efficiency of Ag nanocubes was measured to be 1.2x10-2, 
around 4-fold higher than Au nanocubes and 40-fold higher than that of Au nanorods. 
This high quantum yield is believed to be a consequence of the larger local field 
enhancement of Ag compared to Au.   
3.2 Experimental Methods 
3.2.1 Materials  
Poly(diallyldimethylammonium chloride) (PDDA, Mw=400,000~500,000, 20wt% in 
H2O, Aldrich), poly(vinylpyrrolidone) (PVP, Mw ~55,000, Aldrich), gold (III) 
chloride trihydrate (HAuCl4, 99.9+% metals basis, Sigma-Aldrich), silver nitrate 
(AgNO3, >99% metals basis, Sigma-Aldrich), copper chloride (CuCl2, 97%, Aldrich), 
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hydrochloric acid (HCl, ~36%, Baker), ethylene glycol (EG, ≥99%, ReagentPlus, 
Sigma-Aldrich), 1,5-pentanediol (PD, 96%, Aldrich). 
3.2.2 Synthesis of Au nanooctahedra  
Au nanooctahedra were synthesized according to a method reported 
previously.6 Briefly, 0.4 mL of PDDA was added to 20 mL of EG solution in a flask 
and the mixture was stirred vigorously at room temperature and ambient conditions. 
0.1 mL of 0.1 M HAuCl4 aqueous solution was then added to the EG solution under 
stirring. The molar ratio of PDDA to AuCl4- ions was 50. The flask was then capped 
and heated at 195oC in an oil bath for ~45 min. The prepared nanoparticles were 
collected by centrifugation and washed repeatedly with de-ionized water. During the 
course of reaction, the color of the gold precursor changed gradually from yellow to 
colorless and finally to reddish, indicating formation of Au nanooctahedra. Different 
amounts of 1 M HCl solution, ranging from 0 to 0.3 mL, were added to the mixture of 
EG and PDDA prior to the addition of HAuCl4 to prepare different sizes of the Au 
nanooctahedra. 
3.2.3 Synthesis of Au Nanocubes 
 Gold nanocubes were synthesized according to a modified polyol reduction 
method.8 Briefly, 5 mL of PD was kept under reflux while 0.15 mL of 5.0 mM 
AgNO3 solution was added into the boiling solution. Subsequently, 3 mL of 0.15M 
PVP solution and 3 mL of 0.050 M HAuCl4 were added into the reaction mixture at 
30s intervals over the course of 7.5 min. The resulting solution was kept under reflux 
for another 1hr to complete the reaction. The purified Au nanocubes were obtained 
via repeated centrifugation of the cooled reaction mixture and washed repeatedly with 
ethanol before finally dispersed in water.  
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3.2.4 Synthesis of Ag Nanocubes and Nanooctahedra 
Ag nanocubes and nanooctahedra were synthesized using the procedure 
reported by Yang et al.9 Ag nanocubes were first synthesized in 1,5-pentanediol (PD), 
followed by an overgrowth procedure to obtain Ag nanooctahedra. 60 mM CuCl2 was 
prepared by dissolving 0.08g CuCl2 in 10 mL of PD in a bottle. In a separate bottle, 
0.20 g PVP was dissolved in 10 mL of PD. Both solutions were dissolved through 
sonication and vortexing. For the nanocube synthesis, 20 µL of CuCl2 solution and 
0.20 g AgNO3 were dissolved in 10mL of PD to obtain a 120 mM AgNO3 solution.  
For the nanooctahedra synthesis, 40 µL of CuCl2 and 0.40 g AgNO3 were 
dissolved in 10mL of PD to obtain a 240 mM AgNO3 solution.  20 mL of PD was 
heated at 190oC in an oil bath for 10 min. AgNO3 and PVP solutions were alternately 
injected into the pre-heated PD at regular intervals. 0.5 mL of AgNO3 was quickly 
added at the beginning of every minute while 0.25 mL of PVP was injected dropwise 
every 30s into the reaction mixture. One bottle of 120 mM AgNO3 solution and one 
bottle of PVP solution were used in the synthesis of Ag nanocubes at a reaction time 
of around 20 min. Subsequently, this Ag nanocubes solution was used to grow Ag 
nanooctahedra. The alternate injection of AgNO3 and PVP was continued using 240 
mM AgNO3 solutions for a further 70 min. After the completion of the reactions, the 
products were purified by centrifugation and washed repeatedly with ethanol before 
finally dissolved in water. 
3.2.5 Physical Characterization of Au and Ag Nanocrystals 
The morphologies of the prepared samples were characterized by using field-
emission scanning electron microscopy (SEM, JEOL JSM 5010). The samples for 
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SEM measurements were prepared by dripping a drop of the solutions on a clean Si 
substrate and subsequently air dried before a layer of platinum was coated.  
The concentrations of the metal nanoparticles were determined by using a 
combination of elemental analysis and SEM measurements. Metal nanoparticles were 
dissolved with aqua regia for elemental analysis using a Perkin-Elmer Dual View 
Optima 5300 DV ICP-OES. The dimensions of the nanoparticles were measured from 
SEM to obtain the volume of a single nanoparticle and determine the concentrations 
of the various samples. 
3.2.6 Characterization of the Optical Properties of the Au and Ag Nanocrystals 
Extinction spectra were measured by using a Shimadzu UV 2450 spectrometer. 
The PL spectra of the Au nanooctahedra were measured by using a 
spectrofluorometer from Horiba Jobin-Yvon (FluoroMax-4). The quantum yields 
were measured under a fixed excitation wavelength at 350 nm by using quinine 
sulfate as the standard reference for Au nanooctahedra and nanocubes. An excitation 
wavelength of 280 nm was used for Ag nanocrystals with 2-aminopyridine as a 
standard reference. 
3.3 Results and Discussion 
3.31 Plasmon Resonances of Au Nanooctahedra  
The polyol reduction method was used to prepare Au nanooctahedra of 
various sizes. PDDA, a cationic polyelectrolyte, was used as the capping agent 
because of its ability to form stable ion pairs with the negatively charged gold 
precursors.6 A slow reduction rate is beneficial for the growth of anisotropic metal 
nanoparticles. The use of PDDA, Cl- and increased acidity will decrease the rate of 
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AuCl4- reduction, which  led to the formation of larger Au nanooctahedra.6 Au 
nanooctahedra of six different edge lengths have been prepared and their SEM images 
are shown in Figure 3.1. These Au nanooctahedra have edge lengths ranging from 
~88 to ~267 nm. All samples exhibit good monodispersity and high number yields of 
above 80% on average.  
The extinction spectra of the Au nanooctahedra are strongly dependent on the 
particle size (Figure 3.1g). Only one plasmon peak at 590 nm was observed for Au 
nanooctahedra with edge length of 88 nm. As the nanooctahedra increase in size, the 
extinction spectra become richer and more complex. Multiple peaks are observed for 
Au nanooctahedra with edge lengths of 150, 161, 219, 236 and 267 nm. Three main 
peaks at around 550, 700 and 950nm can be distinctly observed for Au nanooctahedra 
with edge length of 267 nm.  
 
Figure 3.1 SEM images of Au nanooctahedra of various edge lengths: (a) 88±4nm, (b) 
150±5nm, (c) 161±4nm, (d) 219±4nm, (e) 236±4nm and (f) 267±5nm. Extinction 
spectra of the various Au nanooctahedra in water (g). 
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These observations are consistent with the previous results.6 In small Au 
nanooctahedra with slight truncation around the tips, only the dipole modes are 
supported with both the in-plane and out-of-plane dipole modes being excited at the 
same wavelength.7 This explains the observation of only one plasmon peak for small 
Au nanooctahedra. As the particles become larger (>150 nm), higher orders of 
plasmon modes are supported due to phase retardation effects.6,7,36 Multiple extinction 
peaks will be observed for larger Au nanooctahedra. The three peaks at 550, 700 and 
950nm in the extinction sepectra of Au nanooctahedra with edge length of 267 nm 
correspond to the out-of-plane quadrupole, in-plane quadrupole as well as both in-
plane and out-of-plane dipole modes respectively.6  
The photophysical properties of these nanoparticles in water are summarized 
in Table 1. All the Au nanooctahedra have much larger extinction coefficients 
compared to Au nanorods, which is ascribed to the larger dimensions of the 
nanooctahedra relative to the Au nanorods. 















yield  (x 10
-4
) 
88±4 590 1.14±0.02 26.6±2.9 
150±5 657 1.99±0.04 24.0±1.8 
161±4 628 2.84±0.08 21.3±1.9 
219±4 703 4.33±0.13 18.4±1.5 
236±4 734 4.62±0.23 16.6±1.2 
267±5 790 5.38±0.27 15.5±1.6 
Au NR 800 0.051±0.003 3.21±0.23 
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3.3.2 Size-dependent PL Investigation of Au Nanooctahedra 
A size-dependent investigation of PL properties of these Au nanooctahedra 
was carried out and the emission spectra of the respective Au nanooctahedra are 
shown in Figure 3.2a. The PL spectra are featured with a broad emission band and a 
few sharp peaks. The sharp peaks are due to the scattering of the excitation beam as 
they shift with the excitation wavelength and remain unchanged for different samples 
(Figure 3.2b).37 The broad emission band arises from the Au nanooctahedra. This 
broad PL band was found to slightly blue-shift with the increasing edge lengths, as 
indicated by the dotted line across the plots. A comparison of the spectral positions of 
broadband emission with the corresponding extinction spectra indicates a close 
correlation between them. The similarity in the spectral positions of the PL peaks and 
SPR peaks has also been observed in earlier studies,16,30,38 suggesting that the 
observed emission is likely due to the radiative decay of the surface plasmons. 
 A closer inspection of their PL spectra reveals finer details. Figure 3.2c shows 
a shoulder at ~525 nm and a small peak at ~620 nm on the two sides of the main 
emission band. Radiative interband recombination of electron-hole pairs occurring at 
this spectral region have been previously reported for Au nanoparticles.26-28 These two 
small emission bands are likely due to the interband transitions in Au, corresponding 
to the L and X points of the first Brillouin zone respectively. The mechanism of PL 
emission from Au nanoparticles has been widely debated. Reports in favor of 
radiative interband recombination of the electron-hole pairs and radiative plasmon 
emission have both been demonstrated.29,30,32 The experimental observation of PL 
peaks from Au nanooctahedra near the plasmon resonance peaks as well as the L and 
X points of the first Brillouin zone in this study indicates that PL arises from both 
radiative interband recombination as well as radiative decay of surface plasmons.  
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Figure 3.2 (a) Steady-state PL spectra of all Au nanooctahedra, (b) Steady-state PL 
spectra of a typical Au nanooctahedra sample excited at various wavelengths, (c) 
Steady-state PL spectra of a typical Au nanooctahedra 270 nm excited at 350 nm, 
where the dotted lines indicate a Gaussian fit to the various emission peaks present.  
 
Aside from observation of PL emission from both interband radiative 
recombination and plasmon band emission, all Au nanooctahedra display higher 
steady-state quantum yields than Au nanorods. The smallest Au nanooctahedra is 
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approximately 8-fold more efficient than Au nanorods while the largest Au 
nanooctahedra are around 5-fold brighter. A reason for the higher quantum yield 
relative to Au nanorods is attributed to the fact that the Au nanooctahedra used in this 
study all possess sharp edges. It has been commonly known that the localized 
electromagnetic field are dramatically enhanced around sharp apices.10 With a 
dramatic enhancement in the local electromagnetic field, the excitation and emission 
rates will be enhanced in the Au nanooctahedra, leading to a more efficient PL 
emission in Au nanooctahedra. 
 
Figure 3.3 Size-dependence of the linear optical properties of Au nanooctahedra. 
 
The steady-state quantum yields were found to decrease with increasing edge 
lengths, as shown in Figure 3.3. For smaller nanocrystals, the extent of plasmon 
damping is smaller compared to larger nanocrystals because of their small volumes. 
Previous studies have shown that radiation damping becomes more significant with 
increasing nanocrystal size.39,40 Since the degree of plasmon damping is directly 
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related to the local electric field enhancements,41 smaller nanooctahedra experience 
larger local electric field enhancements compared to bigger nanooctahedra. 
Experimentally, this led to the observation of a higher quantum efficiency measured 
for small nanooctahedra.  
Additionally, in the measurements of the quantum yields, extinction values of 
the Au nanooctahedra were used in the standardization of the absorption with quinine 
sulfate. With larger particles, the scattering component would make up a large 
proportion of the entire extinction measured and hence, a significant portion of the 
incident light would be scattered rather than absorbed by Au nanooctahedra. As such, 
the actual amount of photons absorbed by the larger Au nanooctahedra would be 
lesser than that measured, leading to a lower rate of excitation/emission compared to 
small Au nanooctahedra. This is supported by the increasing trend of the extinction 
coefficients with increasing particle size. Since it is known that the ratio of the 
scattering component to extinction increases with particle size,42 this explains the 
observation of lower quantum yields for larger Au nanooctahedra.  
3.3.3 A Comparison of PL Properties between Au and Ag   
In order to compare the PL properties of Au and Ag nanocrystals, the polyol 
reduction method was used to prepare nanocubes and nanooctahedra of both metals 
with similar dimensions. SEM images of the prepared Au and Ag nanocubes and 
nanooctahedra are shown in Figure 3.4. The number yields of the samples are high, at 
above 85% on average. Ag nanocubes have edge lengths of 96±4 nm while Au 
nanocubes have edge lengths of 98±6 nm. Ag nanooctahedra have edge lengths of 
270±5 nm whereas Au nanooctahedra have edge lengths of 267±5 nm. All the 
samples exhibit good monodispersity with around 90% of nanoparticles having the 
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desired morphologies, which allows for a straightforward comparison of their optical 
properties. 
 
Figure 3.4 SEM images of nanocubes of Au (a) and Ag (b) and of nanooctahedra of 
Au (c) and Ag (d). Scale bars represent 200 nm. Corresponding extinction spectra of 
nanocubes (e) and nanooctahedra (f).  
 
The extinction spectra of the nanocubes and nanooctahedra of both Ag and Au 
are also shown in Figure 3.4. The extinction spectra of the Ag samples are markedly 
different from those of the Au counterparts despite their similar dimensions. Ag 
nanocubes exhibit a broad band from 350 to 800 nm with multiple sharp peaks at 350, 
400 and 450 nm on top of a broad band centered at 538 nm while Au nanocubes 
exhibit only one extinction peak at 563 nm. As mentioned in the previous chapter, the 
broad peak of Ag nanocubes at 538 nm corresponds to a dipole resonance, while the 
sharper peak at 455 nm corresponds to a quadrupolar excitation mode. The peaks at 
400 and 350 nm correspond to quardupole and octupole excitation modes respectively. 
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The dipole resonance is broader than the quadrupole resonance due to radiative 
damping effects.43 The single peak at 563 nm for Au nanocubes corresponds to a 
dipole resonance. Notably, both the dipole resonances are located in a similar spectral 
range.  
Both Au and Ag nanooctahedra display complex extinction spectra due to 
their large particle sizes. Higher order modes of surface plasmon resonances are 
observed in their extinction spectra.6,9,11,36 The well-resolved fine structures from 400 
to 550 nm in the extinction spectra of Ag nanooctahedra correspond to the hexapolar 
and higher order modes of resonances, while the extinction peak at 800 nm originates 
primarily from quadrupolar excitations.9 The two main peaks at 575 and 790 nm in 
the extinction spectra of Au nanooctahedra correspond mainly to out-of-plane 
quadrupolar and in-plane quadrupolar resonances respectively.6 Similarly, the 
extinction spectra of both Ag and Au nanooctahedra are also in the same spectral 
region. The photophysical properties of the nanocubes and nanooctahedra of both 
metals are presented in Table 3.2. 
Table 3.2 Optical Properties of nanocubes and nanooctahedra of both Au and Ag. NC: 
















yield  (x 10
-3
) 
Ag NC 96±4 538 2.47±0.02 12.0±1.3 
Au NC 98±6 563 3.16±0.06 2.97±0.27 





Au NO 267±5 790 5.38±0.27 1.55±0.16 
Au NR Aspect ratio 
= 3.9±0.5 
800 0.051±0.003 0.32±0.02 
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An excitation wavelength of 280 nm was used for the measurements of the 
quantum yields of the Ag samples and of 350 nm was used for the Au samples. In 
order to establish a baseline for comparison of the photoluminescence properties of 
Au and Ag, the wavelength chosen should be able to excite both the interband 
transitions as well as the surface plasmon resonances. In this case, interband transition 
for Ag occurs at 340 nm and the wavelength of 280 nm was chosen such that the 
aforementioned processes could be excited. Furthermore, 280 nm provided a 
wavelength for comparison with a standard fluorescent molecule, 2-aminopyridine. 
This allowed the relative quantum yields of Ag nanocrystals to be determined. In the 
case of Au, 280 nm could not be used even though the energy is sufficient to excite 
both interband transitions and surface plasmon resonances. As seen from the previous 
section of this chapter, the main photoluminescence peaks of Au nanocrystals 
appeared in the 550 nm range. The second order grating response from the instrument 
would obscure the weak photoluminescence signals of the Au nanocrystals. 
Consequently, 350 nm was used, and this also facilitated the calculation of relative 
quantum yields by comparing with quinine sulfate.  
The PL spectra of different samples are shown in Figure 3.5. Au nanocubes 
and nanooctahedra exhibit relatively simpler PL emission than the Ag counterparts. 
The emission spectra of Au nanocubes and nanooctahedra are quite similar to each 
other. The main emission peaks of both Au nanocubes and nanooctahedra are ~555 
nm, which correlates well with SPR peaks of the Au nanocubes and nanooctahedra. 
As mentioned earlier, these results strongly suggest radiative decay of surface 
plasmons to be the primary mechanism for the PL observed in this study. Small peaks 
at 524 and 617 nm were also observed in the PL spectra, indicating that radiative 
recombination between the electron-hole pair around the L and X symmetry points 
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also contributes to the observed PL signals. The sharp peaks are due to the scattering 
of the excitation beam. It is also noted that the emission at the L and X symmetry 
points are not as well-defined in Au nanocubes in comparison to Au nanooctahedra. 
 
Figure 3.5 PL spectra of Au nanocubes (a), Au nanooctahedra (b), Ag nanocubes (c) 
and Ag nanooctahedra (d). The excitation wavelength used was 350 nm for Au 
nanocrystals and 280 nm for Ag nanocrystals.  
 
In contrast, the emission spectra of Ag nanocrystals are spectrally more 
complex than the Au counterparts, with several emission peaks observed from 340 to 
550 nm. These peaks did not shift when the excitation wavelength was varied (Figure 
3.6), indicating that they originate from PL signals instead of scattering. The PL peak 
at 340 nm arises from a radiative interband recombination of the sp conduction band 
electrons with the holes in the valence d band.31 Several mechanisms are believed to 
give rise to the multiple small peaks between 400 and 550 nm. Ag surfaces are known 
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to be prone to oxidation to form a layer of Ag2O. Thus, it is reasonable to assume that 
the surfaces of the Ag nanoparticles prepared are covered with an oxide layer. This 
layer of Ag2O can subsequently be photo-reduced to form small Ag clusters such as 
Ag2 and Ag3, giving rise to PL signals in the visible region.35,44,45 The spectral 
positions of the peaks between 400 and 550 nm correspond well with the previously 
observed PL spectra of the Ag clusters. 
 
Figure 3.6 PL spectra of Ag nanocubes and nanooctahedra excited at different 
wavelengths.  
 
Both Ag nanocubes and nanooctahedra also exhibit strong SPR absorption 
bands in the visible region. The surface plasmons could enhance the PL of Ag clusters 
as well as undergo radiative decay.31,35 In the first situation, PL emission originating 
from the Ag clusters overlap well with the SPR bands of the Ag nanocubes, leading to 
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an enhanced emission of the Ag clusters through resonance coupling.35 In the second 
situation, the surface plasmons of Ag nanocubes could also undergo radiative 
relaxation after excitation, giving rise to PL. Radiative decay of surface plasmons had 
been observed previously from 10 nm Ag nanoparticles in a previous study.31 As the 
strong PL signals is close to the SPR bands , it is reasonable to deduce that surface 
plasmons decay radiatively from Ag nanocubes and nanooctahedra as well, giving rise 
to a broad emission band underlying the sharp emission peaks from the various Ag 
clusters. The spectral independence of the PL emission indicates a similar PL 
mechanism in both nanocubes and nanooctahedra and at the same time supports this 
argument.  
 
Figure 3.7 Dielectric functions of bulk silver and gold. 
 
 As shown in Table 3.2, all of the samples have higher quantum yields than Au 
nanorods. Both Ag nanocubes and nanooctahedra display better efficiencies relative 
to the Au counterparts. The processes giving rise to the observed PL are similar for 
both Au and Ag nanoparticles, consisting of both radiative interband recombination of 
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conduction band electrons with valence band holes and radiative decay of surface 
plasmons. In addition, the surface plasmon resonances are in the same spectral region 
and that the nanocrystals of both metals are of similar dimensions. Consequently, the 
difference in quantum efficiencies solely arises from the metal type.  
 The much higher efficiencies of PL arising from noble metal nanocrystals 
relative to the bulk is primarily brought about by the huge local electric field 
enhancements created by the surface plasmons. In the comparison between Au and 
Ag, it is important to examine the dielectric functions of the respective metal since 
local field enhancement factor is related to their dielectric functions. A smaller 
imaginary component gives rise to a larger local field enhancement due to the inverse 
relationship between the dielectric function and field enhancement.46,47 Furthermore, a 
steeper gradient of the real component with frequency would also lead to a narrower 
surface plasmon resonance linewidth.46 This increases the Q factor of plasmon 
resonance, leading to a larger local field enhancement.48 As shown in Figure 3.7, the 
imaginary part of the dielectric function of Ag is much smaller than that of Au in the 
visible region. The gradient of the real part of the dielectric function is also steeper for 
Ag compared to Au in the visible. As a result, Ag nanocrystals will generate a larger 
local electric field enhancement compared to Au nanocrystals, ceteris paribus. This 
leads to the experimental observation of a higher quantum yield of Ag nanocrystals 
compared to Au nanocrystals. Similarly, previous measurements on second harmonic 
generation from various metals have also indicated stronger second harmonic signals 
from Ag substrates relative to Au due to the larger local field enhancements from 
Ag.49 
3.4 Conclusions 
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An investigation on the PL properties of noble metal nanocrystals was carried 
out in this study. A size-dependent study of the PL of Au nanooctahedra highlighted 
the presence of both plasmon emission as well as plasmon-enhanced radiative 
interband recombination of electron-hole pairs at the L and X points of the first 
Brillouin zone. This led to a quantum yield of the Au nanooctahedra on the order of 
10-3. Smaller nanooctahedra experience lesser plasmon damping in comparison to 
larger nanooctahedra, and this is manifested by greater local field enhancements 
around smaller nanooctahedra. Consequently, higher quantum efficiencies were 
observed from smaller Au nanooctahedra. The effect of metal type on the PL 
efficiency of noble metal nanocrystals was also examined using nanocubes and 
nanooctahedra of both Au and Ag. With nanocrystals of both metals having the same 
dimensions and plasmon resonances in a similar spectral region, Ag nanocrystals were 
found to exhibit higher quantum yields than Au nanocrystals. This was ascribed to the 
larger local electric field enhancements around Ag nanocrystals.  
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NONLINEAR OPTICAL SWITCHING BEHAVIOR OF AU NANOCUBES AND 




Noble metal nanoparticles, in particular Au and Ag, have received tremendous 
attention because of their intriguing optical properties and many potential 
applications.1,2 Metal nanoparticles exhibit strong surface plasmon resonance (SPR) 
absorption in the visible region of the electromagnetic spectrum, as a consequence of 
the electromagnetic field-induced collective oscillation of the free conduction 
electrons.3 The plasmon resonance of these metal nanoparticles can cause 
enhancement of local electric field and lead to many interesting optical properties.4 
The SPR bands of these metal nanoparticles can be tuned across the entire visible 
spectrum by varying the size and morphology of the nanoparticles to tailor various 
applications.5 
The nonlinear optical properties of these metal nanoparticles are strongly 
dependent on their size, shape as well as the dielectric medium.6 In particular, the 
third order optical nonlinearity of these materials has received a lot of attention. 
Z-scan technique was usually utilized to characterize the third-order nonlinear optical 
properties of these materials. Both open- and close- aperture z-scan measurements on 
metal nanoparticles have been performed using laser pulses from nanosecond to 
97 
 
femtosecond regime.7-12 Close-aperture z-scan measurements can provide insight on 
nonlinear refractive properties of nanoparticles while open-aperture z-scan 
experiments elucidates their nonlinear absorption nature.13 Previous open-aperture 
z-scan measurements showed that Ag colloids,8 Au/Ag coreshells,10 Au nanochains,11 
Au nanorods,12 and Pt nanoparticles9 exhibit both saturable absorption (SA) and 
reverse saturable absorption (RSA), depending on the intensity of the incident 
radiation. It was generally believed that nonlinear optical response of the metal 
nanoparticles originated from nonlinear absorption or scattering.14 These interesting 
nonlinear properties of metal nanoparticles make them useful in the potential 
applications in the field of photonics. For example, they could be used as optical 
switching devices in terms of saturable Q switches as well as optical power 
limiters,15,16 where a good control of amplitude gain or extinction, phase, polarization, 
reflection or refraction of optical beams is essential.17 
The optical limiting effects of metal nanoparticles were usually observed in 
aggregated or anisotropic nanoparticles.11,15 Very few studies have focused on highly 
symmetrical nanocrystals such as nanocubes or nanooctahedra. Here we report our 
studies on nonlinear optical properties of two different gold nanocrystals: nanocubes 
and nanooctahedra. These highly symmetrical nanocrystals were found to exhibit a 
switch from saturable absorption (SA) to reverse saturable absorption (RSA) at higher 
excitation intensities. The strong RSA behaviour was ascribed to excited state 




4.2 Experimental Methods 
4.2.1 Preparation of Au Nanocubes and Nanooctahedra 
Gold nanocubes and nanooctahedra were synthesized according to a method 
reported previously.18 Briefly, 5 mL of 1, 5-pentanediol was kept under reflux while 
0.15 mL of AgNO3 solution was added into the boiling solution. Subsequently, 3 mL 
of 0.15M poly(vinylpyrrolidone) solution and 3 mL of 0.050M HAuCl4 were 
gradually added into the reaction mixture over the course of 7.5 min. The resulting 
solution was kept under reflux for another 1 hr to complete the reaction. The gold 
nanoparticles were obtained via repeated centrifugation of the cooled reaction mixture 
and finally dispersed in ethanol. Different concentrations of AgNO3 were used for 
preparation of nanocubes (5.0 mM, Ag/Au molar ratio = 1/200) and nanooctahedra 
(1.7 mM, Ag/Au molar ratio = 1/600).  
4.2.2 Physical Characterization of Au Nanocubes and Nanooctahedra 
The UV-Visible extinction spectra of the obtained nanoparticles were 
measured by using a Shimadzu UV 2450 spectrometer. Their morphologies were 
characterized by using transmission electron microscopy (JEOL 2010 at an 
accelerating voltage of 200 kV). The TEM images were taken after a drop of the 
dilute sample solution has been dried on a carbon coated copper grid. 
4.2.3 Characterization of Nonlinear Optical Properties of Au Nanocubes and 
Nanooctahedra 
Nonlinear optical properties of the prepared nanocrystals were characterized 
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by using a femtosecond open-aperture z-scan experiment. The excitation source is a 
Spectra-Physics Ti:sapphire amplifier laser system. The laser output has a central 
wavelength of 800 nm and pulse duration of ~60 fs at a repetition rate of 1 kHz. The 
laser pulses were focused onto the sample contained in a 1 mm path length quartz 
cuvette using a lens with a focal length of 15 cm, which give a focal spot size of ~40 
μm (radius). In a z-scan measurement, the transmittance of the sample was measured 
as the sample was moved towards and away from the beam focus. The z-scan 
experimental setup was tested by measuring the third-order nonlinear absorption 
coefficient of a bulk ZnSe sample.  
In our experiments, care was taken to prevent sample damage brought about 
by the use of high repetition rate lasers. We observed that the z-scan curves became 
asymmetrical when high powers were used; this indicated damage of the samples. The 
exact damage threshold was not quantified in the experiments as all the measurements 
were performed at sufficiently low powers to prevent sample damage. Extinction 
measurements were also carried out after the z-scan experiments to ensure that the 
samples retained the same spectral shape and positions.  
4.2.4 Ultrafast Dynamics Measurements of Au Nanocubes and Nanooctahedra 
Transient absorption measurements (transient spectra and single wavelength 
dynamics) on Au nanocubes and nanooctahedra were carried out using femtosecond 
pump-probe experiments using a Spectra-Physics femtosecond Ti:sapphire laser 
system. The laser pulses were generated from a mode-locked Ti:sapphire oscillator 
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seeded regenerative amplifier with a pulse energy of 2 mJ at 800 nm and a repetition 
rate of 1 kHz. The 800 nm laser beam was split into two portions. The larger portion 
of the beam was passed through a BBO crystal to generate the 400 nm pump beam by 
frequency-doubling to act as the pump beam. A small portion of the 800 nm pulses 
was used to generate white light continuum, which acted as the probe beam. The 
white light beam was further split into two portions: one as the probe and another as a 
reference to correct for the pulse-to-pulse intensity fluctuations. The pump beam was 
focused onto the sample with a beam size of 300 µm and overlaps the smaller probe 
beam (100 µm in diameter). The delay between the pump and probe pulses was varied 
by a computer-controlled translation stage (Newport, ESP 300). The experiments 
were carried out at room temperature. Samples were contained in a 1 mm path length 
quartz cuvette. During the measurements, the pump and probe energies were kept low 
to minimize photodamage to the samples. 
4.2.5 Measurements of Two-Photon Excited Photoluminescence of Au Nanocubes 
and Nanooctahedra  
The two-photon excitation emission measurements were performed by using a 
Spectra-Physics femtosecond (fs) Ti:sapphire oscillator as the excitation source. The 
output laser pulses have central wavelength of 800 nm with pulse duration of 80 fs 
and repetition rate of 80 MHz. The laser beam was focused onto the samples that were 
contained in a cuvette with path length of 1 cm. The emission from the samples was 
collected at an angle of 90o to the excitation beam by a pair of lenses and an optical 
fiber that was connected to a monochromator (Acton, Spectra Pro 2300i) coupled 
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CCD (Princeton Instruments, Pixis 100B). A short pass filter with a cutoff wavelength 
of 750 nm was placed before the monochromator to minimize the scattering from the 
excitation beam.  
4.3 Results and Discussion 
4.3.1 Preparation of Au Nanocubes and Nanooctahedra 
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Figure 4.1 TEM images, size distribution and extinction spectra of the prepared Au 
nanocubes (a, b, e) and nanooctahedra (c, d, e). 
 
Figure 4.1 shows the TEM images and extinction spectra of the prepared Au 
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nanocubes and nanooctahedra. The obtained nanocrystals show a pretty good 
monodispersity. The nanocubes have an average edge length of 65 ± 5 nm while the 
nanooctahedra have an average edge length of 49 ± 4 nm. Both nanocubes and 
nanooctahedra particles display a strong SPR band with band maxima at 538 nm for 
the nanocubes and 552 nm for the nanooctahedra, respectively. Despite different 
crystal structures, both nanocubes and nanooctahedra display similar SPR band with 
similar peak positions and band shapes. Only a single sharp peak is observed for both 
the nanocubes and nanooctahedra. For polyhedral gold particles with particle 
dimensions below 100 nm, the multipolar mode usually does not appear.19 When the 
nanocrystals are small or slightly truncated, the in-plane dipole modes are excited at 
the same wavelength, a single sharp absorption band was usually observed.20 







































Figure 4.2 Normalized z-scan results of nanocubes (a) and nanooctahedra (b) at 
different excitation intensities. The solid lines are the fitting results using the model 
described in the text. 
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The open aperture z-scan measurements on the obtained gold nanocubes and 
nanooctahedra particles are shown in Figure 4.2. Both samples exhibited interesting 
excitation intensity dependent behaviours. Both samples displayed SA behavior at a 
relatively lower excitation fluence, while switching to RSA as the excitation fluence 
increases. The SA behaviours were observed when excitation fluence at was 16.3 
GW/cm2 or below for the nanocubes, 12 GW/cm2 or below for the nanooctahedra, 
respectively. As the sample moved into the beam focus, the pump fluence increased; 
the transmittance was found to increase correspondingly, indicating an optically 
induced transparency in the samples. The observed SA behaviour could be attributed 
to the ground state plasmon bleaching. The 800 nm excitation is located at the edge of 
the surface plasmon band of the nanocubes and nanooctahedra (Figure 1e). Bleaching 
of ground state plasmon band will be resulted by the increasing pump fluence as the 
sample moved into the beam focus. Interestingly, as the excitation intensity increased, 
the z-scan measurements on Au nanocrystals exhibited an additional RSA component, 
as manifested by a valley (decreased transmittance) at the beam waist flanked with 
two humps (increased transmittance). As the excitation intensities further increased, 
the z-scan traces were dominated by the RSA characteristics.  
The observation of RSA behavior under high excitation intensities (Figure 4.2) 
suggests strong nonlinear absorption contribution in our gold nanocrystals. 
Experiments on the sample cell containing only the solvent under the same conditions 
did not show any RSA behavior, confirming that the nonlinear optical activity arises 
from gold nanocrystals. By considering the contributions from SA and two-photon 
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absorption (2PA) and assuming a spatially and temporally Gaussian profile for the 
laser beam, the normalized beam transmittance for the complex behavior is given by13 
0
0






















where β  is the 2PA coefficient, zI  the excitation intensity of laser beam at position 







), and 0z the Rayleigh diffraction length; 0α is linear absorption 
coefficient and effL  is the effective interaction length; sI represents the saturation 
irradiance. The results under different excitation intensities could be well fitted with 
the above model.  The curve fitting gave Is = 12.8 GW/cm2 for nanocubes and 25.3 
GW/cm2 for nanooctahedra, β =1.61×10-10 cm/GW for nanocubes and 2.44×10-10 
cm/GW for nanooctahedra, respectively. 
Similar switching behaviors have also been previously observed for other 
gold10,12,21 and silver nanoparticles.22 The higher-order optical nonlinearity was 
previously ascribed to strong excited state absorption induced by the intense incident 
irradiance in gold or gold/silver alloy.23 The switching from SA to RSA is a 
consequence of competition between ground state bleaching and nonlinear absorption. 
The extinction spectra of nanocubes and nanooctahedra have a wing stretching into 
800 nm. Excitation at 800 nm will prepare the system onto the excited state. When the 
irradiance is moderate, majority of the nanoparticles are pumped onto the excited state, 
leading to a smaller population of the ground state, i.e. the ground state bleaching of 
the plasmon band. The bleaching of the ground state plasmon band leads to an 
increase in transmittance. An SA behavior will thus be observed in the z-scan results. 
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When the excitation intensity further increases, the nonlinear absorption starts to play 
a dominant role since it is more sensitive to the excitation intensity. The z-scan results 
thus show RSA at high excitation intensity.  




Figure 4.3 (a, b) Transient absorption spectra of nanocubes (a) and nanooctahedra (b) 
at a time delay of 300 fs after excitation at 400 nm with a pulse energy of 3.5 µJ; (c, d) 
pump-probe decay profiles of the 400 nm pump/ 800 nm probe data for nanocubes (c) 
and nanooctahedra (d), respectively, with an excitation pulse energy of 26 µJ. 
 
The nonlinear absorption and the RSA behavior in metal nanoparticles were 
usually believed due to free carrier absorption (excited state absorption).12 The 
excitation at 800 nm could result in free carrier generation. In addition to free carrier 
absorption, the nonlinear absorption could also be explained as due to the broadening 
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of the plasmon band, which is a result of increased electronic temperature under high 
excitation intensities. This will lead to a strong bleaching signal (increase in 
transmittance) near the plasmon maximum and transient absorption signals (decrease 
in transmittance) in the wings of the band. This has been theoretically predicted and 
experimentally demonstrated for many metal nanoparticles.24  
Transient absorption experiments have also been done on our nanocubes and 
nanooctahedra and similar features have been observed. The transient absorption 
spectra of nanocubes and nanooctahedra are shown in Figures 4.3a&b, which display 
strong bleaching signals (increase in transmittance) near the plasmon maximum and 
transient absorption signals (decrease in transmittance) in the wings of the band. This 
could be explained as due to the broadening of the plasmon band as a result of 
increased electronic temperature under high excitation intensities. Upon the 
photo-excitation, the electrons are excited to energy states higher than the Fermi level. 
The electron distribution is a non-thermal, hot Fermi-Dirac distribution with a 
temperature dependent on the intensity of the excitation laser pulse.6,24 The increase in 
the electronic temperature will cause a broadening of the plasmon band,6,24 which 
leads to a bleaching signal near the plasmon maximum and transient absorption 
signals in the wings of the band as shown in Figures 4.3a and b. 
The linear extinction spectra of both nanocubes and nanooctahedra have a tail 
stretching into near-IR (Figure 4.1). The transient absorption signals in the wings of 
the plasmon band resulted in an excited state absorption at 800 nm (decrease in 
transmittance), as confirmed by the pump probe data shown in Figures 4.3c and d. 
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The excited state absorption 800 nm will result in an enhanced absorption at 800 nm 
under high pump fluence, which is partially responsible for observed reverse saturable 
absorption behavior. 
4.3.4 Two-Photon Excited Photoluminescence of Au Nanocubes and 
Nanooctahedra  



























































































Figure 4.4 Two-photon excitation emission of nanocubes (a) and nanooctahedra (b). 
 
Another possible contribution to the RSA behavior is enhanced multi-photon 
absorption. Metal nanoparticles have been known to display plasmon resonance 
enhanced emission properties6,25 and nonlinear excitation efficiency.26 To investigate 
the contribution from multi-photon absorption, we have performed two-photon 
excitation emission measurement on our nanocubes and nanooctahedra. Surprisingly, 
both materials showed strong emission under the illumination of 800 nm fs laser pulse 
(Figure 4.4). The emissions were absent under the excitation of 800 nm CW beams of 
the same average intensity, suggesting a multi-photon excitation nature. The 
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excitation power dependence of the emission intensity indicated that they are due to a 
two-photon absorption process. Gold nanorods is well-known as excellent two-photon 
emission materials and have demonstrated many potential applications in biological 
imaging.27 The strong two-photon excitation emission of the Au nanocubes and 
nanooctahedra might make them useful in the biomedical applications as efficient 
two-photon emission materials. 
Nonlinear scattering could also be partially responsible for the observed RSA 
behavior at high excitation intensities.28 Our studies indicated that nonlinear scattering 
played a dominant role for metal nanoparticles dispersed in organic solvents such as 
toluene. The nonlinear scattering is much weaker for metal nanoparticles dispersed in 
water solvents compared to that in organic solvents. 
4.4 Conclusions 
In summary, optical nonlinearity in highly symmetrical gold nanocubes and 
nanooctahedra has been investigated by using fs z-scan technique at 800 nm. Both 
nanocubes and nanooctahedra exhibited a switching behaviour from SA to RSA when 
the excitation intensity increased. The SA behaviour was ascribed to ground state 
plasmon band bleaching and RSA was ascribed to excited state absorption and 
two-photon absorption of these materials. The competition of different processes is 
responsible for the observed switching behaviour. In addition, both nanocubes and 
nanooctahedra showed strong two-photon excitation emission. These exceptional 
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CHAPTER 5 
LINEAR AND NONLINEAR OPTICAL PROPERTIES OF GRAPHENE OXIDE – 
AU NANOCRYSTAL COMPOSITES 
 
5.1 Introduction 
The excellence of graphene based hybrid composites has been attested by the 
multitude of materials reported to have improved application performance with its 
addition.1,2  Polymers, semiconductors and metal nanocrystals are among the most 
commonly used materials in the development of novel graphene composites.3,4 
Graphene–polymer composites have shown improved electrical conductivity, 
electrochemical capacity and mechanical strength.5-8 On the other hand, graphene–
semiconductor materials have demonstrated enhanced performance in energy-based 
applications such as solar cells, Li-ion batteries and supercapacitors.9-12 The presence 
of metal nanoparticles on graphene based materials has also shown improved surface-
enhanced Raman scattering (SERS), better catalytic behaviors and increased 
sensitivity in electrochemical sensing.13-16  
 The concerted efforts of current research have enabled various metal 
nanocrystals to be successfully grown on graphene sheets, including Pt,17 Pd,16-18 Ni,19 
Cu,18 Ag,20-23 and Au.24-27 Thermal evaporation,28 electroless metallization,29 
microwave assisted synthesis,18 photochemical synthesis30 and chemical 
reduction13,17,31,32 are some methods that have been developed for the attachment of 
noble metal nanoparticles onto graphene. However, majority of the metal 
nanoparticles prepared via the abovementioned methods are generally spherical in 
shape. Recent progresses have been made in the successful preparation of Au 
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nanorods and Au dendritic nanostructures on GO.31-33 The importance of shape 
control of metal nanocrystals deposited on GO has been demonstrated in several 
studies where the SERS signals were found to be 34-fold stronger at the Au nanorod 
tips, much higher than that reported for spherical particles or dendritic structures.21,31-
33 Moreover, the surface plasmon resonances associated with metal nanoparticles are 
sensitive to particle morphology. As such, the ability to tune the shape of metal 
nanoparticles grown on GO would impart an additional capacity to extend the current 
optical applications of GO–metal nanocrystal composites.  
Aside from characterizing the SERS capabilities of GO–metal nanocrystal 
composites, the linear and nonlinear optical properties of such composite systems 
remain largely unexplored to date. A very recent report highlighted the ability of GO–
metal nanoparticle composites to serve as optical imaging agents.34 Another work 
investigating the ultrafast relaxation dynamics of graphene–Au nanoparticle 
composites concluded that the presence of graphene did not have any significant 
effect on the electronic dynamics of the Au nanoparticles.35 Having proved itself as a 
material of choice for various applications, it is imperative that more research should 
be conducted to gain a better understanding of the optical properties of GO–metal 
nanocrystal composites.  
Herein, we present a method for assembling Au nanocrystals of various 
morphologies onto GO sheets based on the electrostatic interactions between 
negatively charged GO and positively capped Au nanocrystals. Instead of directly 
growing Au nanocrystals on GO, Au nanorods, nanooctahedra, nanospheres and 
nanobranches capped with different positively charged stabilizers were separately 
prepared.  Their assembly onto the negatively charged surface of GO was studied by 
monitoring the changes in their extinction spectra. The surface plasmon resonances of 
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the GO–Au nanocrystal composites were observed to broaden and red-shift compared 
to pure Au nanocrystals. Nearly five-fold increase in two-photon excited 
photoluminescence intensity was observed from GO–Au nanooctahedra composites 
compared to pure Au nanooctahedra. The ultrafast electronic relaxation dynamics of 
GO–Au nanorod composites were also investigated. The assembly of Au nanorods on 
GO reduced the electron-phonon scattering process due to hot electron injection from 
Au nanorods to the GO sheets. Our results demonstrate the capability of GO as a 
general platform to efficiently assemble Au nanocrystals of various morphologies 
with new linear and nonlinear optical properties.  
5.2 Experimental Methods 
5.2.1 Materials 
Cetyltrimethylammonium bromide (CTAB, 99%, Sigma), ascorbic acid (>99%, 
Sigma-Aldrich), poly(diallyldimethylammonium chloride) (PDDA, Mw 400,000–
500,000, 20 wt% in H2O, Sigma), Trisodium citrate dihydrate (>99%, Aldrich), 
myristyltrimethylammonium bromide (MTAB, 99%, Aldrich) , NaBH4 (98%, Sigma-
Aldrich), HAuCl4⋅3H2O (>99.9%, metal basis, Sigma-Aldrich), AgNO3 (>99%, 
metals basis, Sigma-Aldrich), graphite flakes (Asbury Carbons Ltd.), ethylene glycol 
(EG, ≥99%, Sigma-Aldrich). 
5.2.2 Growth of Au Nanorods (NRs) 
Au NRs were prepared using a seed-mediated method.36 Specifically, the seed 
solution was made by injecting a freshly prepared, ice-cold aqueous NaBH4 solution 
(0.01 M, 0.6 mL) into an aqueous mixture composed of HAuCl4 (0.01 M, 0.25 mL) 
and CTAB (0.1 M, 9.75 mL), followed by rapid inversion mixing for 2 min. This seed 
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solution was kept at room temperature for more than 2 h before use. The growth 
solution was made by the sequential addition of aqueous HAuCl4 (0.01 M, 2 mL), 
AgNO3 (0.01 M, 0.6 mL), HCl (1.0 M, 0.8 mL), and ascorbic acid (0.1 M, 0.32 mL) 
solutions into an aqueous CTAB (0.1 M, 40 mL) solution. The resultant solution was 
mixed by swirling for 30 s, followed by the addition of 0.3 mL of the seed solution. 
The reaction solution was gently mixed by inversion for 2 min and then left 
undisturbed overnight. 10 mL of the grown Au NR solution was then used to react 
with H2O2 (30 wt%, 60 µL) to obtain Au NRs with extinction maximum at 600 nm. 
The oxidation process was monitored through periodic measurements of the 
extinction spectrum of Au NRs. The oxidation process was then stopped through 
centrifugation at 8,500 rpm for 10 min to remove unreacted H2O2 before dispersing 
the Au NRs in an equivalent amount of water.  
5.2.3 Growth of Au Nanooctahedra (NO) 
 Two types of Au NO were prepared in this report: CTAB-capped and PDDA-
capped Au NO. CTAB-capped Au NO was prepared by first mixing HAuCl4 (0.01 M, 
0.25 mL), CTAB (0.1 M, 1 mL) with water (19.75 mL).37 Ascorbic acid (0.1 M, 0.1 
mL) was then added to the reaction mixture, followed by the addition of NaOH (0.1 
M, 0.1 mL). The solution was then gently swirled for 10 s and left undisturbed for 2 h. 
The resulting CTAB-capped Au NO was then purified through centrifugation at 7,000 
rpm for 10 min and subsequently redispersed in an equivalent amount of water. 
PDDA-capped Au NO was synthesized according to a polyol reduction 
method.38 PDDA (20 wt%, 0.4 mL) was mixed with EG solution (20 mL) in a flask 
and the mixture was stirred vigorously at room temperature. HAuCl4 (0.1 M, 0.1 mL) 
was then added to the EG solution under stirring. The flask was then capped and 
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heated at 195oC in an oil bath for around 45 minutes. At the end of the reaction, the 
mixture was cooled and collected by centrifugation. The PDDA-capped Au NO was 
purified through centrifugation at 7,000 rpm for 20 min thrice and subsequently 
redispersed in an equivalent amount of water.  
5.2.4 Growth of Au Nanobranches (NBs) 
Gold NBs were grown using citrate-stabilized Au nanoparticles as seeds.39 For 
the preparation of seeds, HAuCl4 (0.01 M, 0.125 mL) and citrate (0.01 M, 0.25 mL) 
were first added into water (9.625 mL), followed by the addition of freshly prepared 
ice-cold NaBH4 (0.01 M, 0.15 mL) under vigorous stirring. The resultant seed 
solution was kept at room temperature for at least 2 h before use. The solution for 
growing Au NBs was prepared by the sequential addition of HAuCl4 (0.01 M, 1.8 
mL), AgNO3 (0.01 M, 0.27 mL) and ascorbic acid (0.1 M, 0.3 mL) solutions into an 
aqueous MTAB (0.1 M, 42.75 mL) solution. 0.04 mL of the citrate-stabilized seed 
solution was then added. The entire reaction mixture was mixed by gentle inversion 
for 30 s and then left undisturbed overnight. The Au NBs were then purified through 
centrifugation at 7,000 rpm for 10 min and subsequently redispersed in an equivalent 
amount of water.  
5.2.5 Growth of Au Nanospheres (NSs) 
Two types of Au NSs were prepared in this study: CTAB stabilized and citrate 
stabilized Au NSs.39 CTAB-capped Au NSs was prepared through a seed-mediated 
method. The seed solution was prepared by the addition of HAuCl4 (0.01 M, 0.25 mL) 
and citrate (0.01 M, 0.25 mL) into water (9.5 mL). After the solution was mixed by 
inversion, a freshly prepared ice-cold NaBH4 (0.1 M, 0.3 mL) was added followed by 
rapid inversion-mixing for 2 min. The resulting citrate stabilized seed solution was 
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kept at room temperature for at least 3 h before use. The seed mediated growth 
procedure is divided into 2 steps. First, HAuCl4 (0.01 M, 0.225 mL) and water (1.575 
mL) were added into a CTAB solution (0.1 M, 7.2 mL) in a plastic centrifuge tube, 
followed by inversion mixing. A freshly prepared ascorbic acid (0.1 M, 0.05 mL) 
solution was then added, followed by the addition of 1.0 mL seed solution. The 
resulting solution was stirred for 30 min. In the second step, HAuCl4 (0.01 M, 0.225 
mL), water (1.575 mL) and CTAB (0.1M, 7.2 mL) were mixed together followed by 
the addition of ascorbic acid (0.1 M, 0.05 mL). 1 mL of the solution from the first step 
was then added and the resulting reaction mixture was left undisturbed overnight. The 
CTAB-capped Au NSs prepared were purified through centrifugation at 8,500 rpm for 
15 min and redispersed in an equivalent amount of water.  
Citrate-capped Au NSs was prepared by mixing HAuCl4 (2.5 mM, 20 mL) 
with water (30 mL) and boiling the solution at 100oC.40 A citrate solution (0.04 M, 5 
mL) was then added to the boiling solution and the reaction mixture was subsequently 
refluxed for 30 min. The citrate-capped Au NSs were then purified through 
centrifugation at 8,500 rpm for 15 min and redispersed in an equivalent amount of 
water.  
5.2.6 Preparation of Graphene Oxide (GO) Sheets 
 GO was synthesized from graphite via a modified Hummers and Offeman’s 
method.41 Graphite flakes (1.5 g) and NaNO3 (1.0 g) were placed in a flask. 
Concentrated H2SO4 (45 mL) was subsequently added into the flask and the 
mixture was stirred overnight at room temperature. KMnO4 (6.0 g) was then 
slowly added into the mixture cooled with an ice bath to avoid rapid heat 
evolution. After 4 h of stirring, the flask was shifted to an oil bath and reaction 
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mixture was stirred at 35°C for 2 h. The temperature was slowly increased to 60°C 
and stirred for 4 h. Finally, water (40 mL) was added to the reaction mixture and 
stirred at 90°C for 5 hrs. The reaction was ended by adding H2O2 (30 wt%, 10 
mL). The warm solution was then filtered and washed with 5% HCl and water. 
The obtained solid was then dissolved in water and sonicated to exfoliate oxidized 
graphene. The oxidized graphene was centrifuged at 1,000 rpm for 2 min. After 
removing all visible graphite particles, it was again centrifuged at 15,000 rpm for 
2 hrs. This washing procedure was repeated till the pH of the supernatant was in 
the range of 4–5. For complete oxidation, the above dried GO was further treated 
with 70% HNO3 (10 mL of HNO3/100 mg of GO). The mixture was sonicated for 
8 hrs at 60°C and the sediment was dispersed in water. The obtained GO was 
purified by washing multiple times with ethanol and water before finally 
dispersing in water to achieve a concentration of 1 mg/mL.  
5.2.7 Assembly of Au Nanocrystals on GO Sheets 
 The concentrations of various Au nanocrystals were adjusted such that the 
extinctions of the nanocrystal solutions were in the range of 0.1–0.4 in a 1 cm path 
length cuvette. GO was then added into the Au nanocrystal solutions and the changes 
in the extinction spectra were monitored with a Shimadzu UV 2550 spectrometer.  
5.2.8 Physical Characterization of Au Nanocrystals, GO Sheets and GO–Au 
Nanocrystal Composites  
Transmission electron microscopy was primarily used to characterize the 
morphologies of the various Au nanocrystals prepared, GO sheets and GO–Au 
nanocrystal composites.  
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The extinction spectra of the various Au nanocrystals prepared, GO sheets and 
GO–Au nanocrystal composites were measured using a Shimadzu UV 2550 
spectrometer.  
5.2.9 Two-Photon Excited Photoluminescence (TPPL) Experiments of GO–Au 
NR Composites 
TPPL measurements were performed by using a Spectra-Physics femtosecond 
Ti:sapphire oscillator as the excitation source. The output laser pulses have central 
wavelength of 800 nm with pulse duration of 80 fs and a repetition rate of 80 MHz. 
The laser beam was focused onto the samples contained in a cuvette with a path 
length of 1 cm. The emission from the samples was collected at an angle of 90o to the 
excitation beam by a pair of lenses and an optical fiber that was connected to a 
monochromator (Acton, Spectra Pro 2300i) coupled CCD (Princeton Instruments, 
Pixis 100B). A short pass filter with a cutoff wavelength of 750 nm was placed before 
the monochromator to minimize the scattering from the excitation beam.  
The TPPL of Au NR solutions with linear extinction of 0.1 – 0.3 in a 1 cm 
path length cuvette was first measured. Increasing amounts of GO was then added 
sequentially to the Au NR solutions to measure the TPPL of the GO–Au NR 
composites.  
5.2.10 Measurement of Ultrafast Dynamics of GO–Au NR Composites  
Ultrafast relaxation dynamics of GO–Au NR composites (transient absorption 
spectra and single wavelength dynamics) were measured from femtosecond pump-
probe experiments using a Spectra-Physics femtosecond Ti:sapphire laser system. The 
laser pulses were generated from a mode-locked Ti:sapphire oscillator seeded 
regenerative amplifier with a pulse energy of 2 mJ at 800 nm and a repetition rate of 1 
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kHz. The 800 nm laser beam was split into two portions. The larger portion of the 
beam was passed through a BBO crystal to generate the 400 nm pump beam by 
frequency-doubling to act as the pump beam. A small portion of the 800 nm pulses 
was used to generate white light continuum, which acted as the probe beam. The 
pump beam is focused onto the sample with a beam size of 300 µm and overlaps the 
smaller probe beam (100 µm in diameter). The delay between the pump and probe 
pulses was varied by a computer-controlled translation stage. 
 GO–Au NR composites were prepared in a 1 mm path length cuvette through 
the sequential addition of GO into the cuvette containing Au NR solution for the 
measurement of individual transient absorption spectra and decay dynamics at various 
wavelengths. Corresponding linear extinction spectra of the GO–Au NR composites 
were also measured for comparison.  
5.3 Results and Discussion 
5.3.1 Preparation of GO and Au Nanocrystals 
GO sheets were prepared using the modified Hummer and Offeman’s method, 
in which graphite flakes were chemically oxidized and exfoliated to obtain individual 
GO sheets rich in oxy-functional groups, including epoxy, hydroxyl (OH-) and 
carboxyl (COO-) functional groups.42,43 The presence of these acidic functional 
groups enable GO to be easily dispersed in water. AFM and TEM were used to 
characterize the GO prepared, with the TEM image shown in Figure 5.1g. Most of the 
GO sheets are single-layered, with some multi-layer sheets present. The topographic 
height of the GO sheets was measured to be 1–2 nm.  
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Figure 5.1 (a-f) TEM images of the various prepared Au nanocrystals, including 
citrate-capped Au NSs (a), CTAB-capped Au NSs (b) and Au NOs (c), PDDA-capped 
Au NO (d), CTAB-capped Au NRs (e) and MTAB-capped Au NBs (f). (g) TEM 
image of GO. (h) Corresponding extinction spectra of the respective Au nanocrystals. 
Scale bars represent 100 nm.  
 
CTAB-capped Au NSs, NO and NRs, MTAB-capped Au NBs, PDDA 
stabilized Au NO and citrate stabilized Au NSs were prepared using various synthetic 
methods for this study. As shown in the TEM images of these Au nanocrystals in 
Figure 5.1, all of the Au nanocrystals exhibit high number yields (above 85% on 
average) with good size monodispersity. Both citrate-stabilized and CTAB-capped Au 
NSs have diameters of 16±2 nm and 19±1 nm respectively. CTAB-capped Au NO 
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have an average edge length of 53±4 nm. PDDA stabilized Au NO are slightly larger 
with edge lengths of 61±4 nm and have better defined edges compared to CTAB-
capped Au NO. The Au NRs prepared have an average aspect ratio of 1.9, with 
lengths of 37±4 nm and widths of 20±2 nm. The MTAB-capped Au NBs prepared 
have multiple sharp tips present in a single NB.  
The extinction spectra of the Au nanocrystals in water are also presented in 
Figure 5.1, showing distinct peaks for the respective Au nanocrystal shape. All of the 
samples exhibit single plasmon resonance in their extinction spectra, except for the 
anisotropically shaped Au NRs and NBs. Citrate-stabilized and CTAB-capped Au 
NSs spot a single dipolar plasmon mode at 520 nm and 522 nm respectively. Both 
types of Au NO display a single extinction peak at 545 nm for CTAB-capped Au NO 
and 565 nm for PDDA-stabilized Au NO. Due to their small particle sizes, only 
dipolar plasmon modes are supported in the Au NO. In addition, the truncation around 
the edges of the Au NO also leads to the appearance of a single extinction peak. Two 
characteristic extinction peaks corresponding to the transverse and longitudinal 
plasmon resonances are present in Au NRs at 518 nm and 600 nm respectively. Two 
extinction peaks have been reported for the Au NBs, but only one was observed in our 
measurements at 654 nm because the second peak lie in the IR region, out of the 
detection limit of the spectrometer. The extinction peak of Au NBs is broader 
compared to other nanocrystals due to the varying numbers of tips on individual NBs. 
The distances between the centers of the NBs to the tips are different as well.  
5.3.2 Assembly of Au Nanocrystals on GO 
The strategy for attaching Au nanocrystals onto GO is as shown in scheme 5.1. 
Also shown in scheme 5.1 are the molecular structures of the various capping agents 
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of the Au nanocrystals prepared in this study. Electrostatic interaction between 
oppositely charged Au nanocrystals and GO is the primary driving force for the facile 
assembly of Au nanocrystals onto GO. Various amounts of GO were added to a 
solution of CTAB-capped Au nanocrystals of different morphologies. The successful 
assembly of the Au nanocrystals on GO was confirmed from the TEM images of the 
GO–Au nanocrystal composites (Figure 5.2). Owing to the arbitrary distribution of 
the oxy-functional groups on GO, Au nanocrystals are randomly attached onto the 
surface of GO.  
 
Scheme 5.1 Strategy for the assembling of Au nanocrystals onto GO sheet. The 
molecular structures of the various capping agents used to stabilize the Au 
nanocrystals are also shown.  
 
Through the assembly of Au nanocrystals on GO, the extinction spectra of the 
Au nanocrystals could also be tuned easily. Figure 5.2 shows the changes in the 
extinction spectra of the Au nanocrystals onto GO. In the case of CTAB-capped Au 
NSs, a broadening and red-shift of the dipolar plasmon mode could be observed from 
521 nm to 544 nm, together with a concomitant increase in extinction in the near IR. 
A similar change was also observed from the CTAB-capped Au NO. Compared to Au 
NSs and NO, a more drastic re-shaping of the extinction spectra was observed from 
GO–Au NR composites. The original extinction peak corresponding to the 
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longitudinal plasmon mode at 600 nm decreased in intensity with increasing amounts 
of GO added, and a new extinction peak develops at 750 nm.  
 
Figure 5.2 Changes in the extinction spectra of CTAB-capped Au NSs (a), Au NO (b) 
and Au NRs (c) with increasing addition of GO. (d-f) Corresponding TEM images of 
the GO–Au nanocrystal composites. Scale bars represent 200 nm.  
 
These spectral changes arise from the close proximity of the Au nanocrystals 
to each other on the GO sheets. As shown in earlier studies, coupling of the plasmon 
resonances between closely spaced Au nanocrystals has led to the red-shifted 
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extinction peaks and increased extinction towards the near IR.44,45 In the case of Au 
NRs, the development of an entirely new extinction resembles the plasmon 
resonances that arise from a head-to-head assembly of Au NRs reported by others.46,47  
As a control experiment, citrate-capped Au NPs with a net negative charge on the Au 
NPs were also prepared and mixed with GO. As shown in Figure 5.3, there was no 
red-shift or broadening of the extinction peak even when significant amounts of GO 
were added. This signifies that only Au nanocrystals with oppositely charged capping 
agents as that of GO could be attached onto GO sheets. 
 
Figure 5.3 Changes in the extinction spectra of citrate-capped Au NSs upon addition 
of various amounts of GO.  
 
To extend our strategy of assembling Au nanocrystals on GO based on 
electrostatic interactions, several other cationic capping agents commonly used in the 
preparation of noble metal nanocrystals were also tested. They include MTAB for the 
preparation of Au NBs and PDDA for the preparation of Au NO. MTAB-capped Au 
NBs could be attached to GO sheets, as shown in the TEM image in Figure 5.4b. The 
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extinction spectra of GO–Au NB composites exhibit more subtle changes. The main 
extinction peak at 654 nm decreased in intensity while the gradient of the extinction 
spectra after 654 nm became flatter with increasing amounts of GO added. Since the 
second peak is out of range of detection, it can only be presumed that the flatter 
gradient is an indication of the red-shift of the second peak. This is supported by a 
similar observation in the extinction changes in a report on the assembly of Au NBs.39 
The extinction spectra changes upon GO addition to PDDA-stabilized Au NO 
resemble those of CTAB-capped Au NO. The TEM image of GO–Au NO composites 
in Figure 5.4d ascertained the successful assembly of PDDA-stabilized Au NO onto 
GO. 
 
Figure 5.4 Variation of extinction spectra of MTAB-capped Au NBs (a) and PDDA-
capped Au NO (b) with increasing amounts of GO added. (c, d) Corresponding TEM 
images of GO-Au nanocrystal composites. Scale bars represent 200 nm.  
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The GO-Au nanocrystal composites formed are dynamically stable in the solution. 
Once attached onto GO sheets, the Au nanocrystals do not detach easily. This is evident from 
monitoring the extinction spectra and colors of the GO-Au nanocrystal composite solutions. 
After the final addition of GO solution to the Au nanocrystals, the extinction spectra were 
found to remain unchanged for the subsequent couple of hours. The colors of the solution also 
did not change with time. Since there was no change in spectral shape and peak position in 
the extinction spectra with time, it can be concluded that the electrostatic interactions are 
sufficiently strong to attain the thermodynamic stability in solution. In all our experiments, 
the addition of GO only stopped when there was no further change in peak positions in the 
extinction spectra. By this time, most of the Au nanocrystals should be attached onto GO 
sheets, as can be seen from the reduction in color intensity of the GO-Au nanocrystal 
composite solution compared to pure Au nanocrystals.  
5.3.3 Enhanced Two-Photon Excited Photoluminescence (TPPL) of GO–Au 
Nanooctahedra Composites 
 
Figure 5.5 (a) Increase in the TPPL emission of Au NO when 0.3 µg/mL of GO was 
added. Inset shows the power dependence of the emission intensity. (b) Change in the 
emission intensity of TPPL and HRS with various amounts of GO.  
 
 The TPPL of GO–Au nanooctahedra composites were investigated. TPPL of 
noble metal nanocrystals is a nonlinear photoluminescence process, requiring the 
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absorption of two photons during the light absorption process. The TPPL spectra of 
noble metal nanocrystals are broad and relatively featureless.  
The TPPL spectra of GO–Au NO composites are shown in Figure 5.5a, 
excited using an ultrafast Ti:Sapphire laser centered at 820 nm. The broad spectra 
covering the range of 400–700 nm arose from the TPPL emission. A gradient of 1.8 
derived from the log plots of the emission intensity dependence on incident power 
intensity confirms the TPPL nature of the emission, as shown in the inset of Figure 
5.5a. Upon assembling on GO, a 4.7-fold enhancement of the TPPL emission 
intensity could be observed from the GO–Au NO composites compared to pure Au 
NO. This is brought about by the increased extinction at the excitation wavelength 
when the Au NO are assembled on GO. Plasmon coupling of the Au NO enhanced the 
local electric fields, hence leading to enhanced TPPL of the GO–Au NO composites.44 
It is noted that GO did not contribute to the TPPL signal even though TPPL from GO 
has also been observed in some reports. A pure GO solution at an identical 
concentration used in the assembly did not give rise to any TPPL emission.  
5.3.4 Ultrafast Electronic Relaxation Dynamics of GO–Au NR Composites  
 Using GO–Au NR composites as a model system, the ultrafast electronic 
relaxation dynamics of GO–Au nanocrystal composites was also examined using 
femtosecond pump-probe spectroscopy. Understanding the electron dynamics of GO–
Au NR composites is important for exploring their potential applications, such as 
ultrafast optical switches and hot electron sources for various electrochemical 
processes. In previous studies, it was observed that assemblies of noble metal 
nanocrystals exhibited different relaxation dynamics from those dispersed in 
solution.48-50 On the other hand, a recent study of graphene decorated with Au NPs 
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indicated that graphene did not have any appreciable effect on the electron relaxation 
dynamics of Au nanoparticles.35  
The transient absorption (TA) spectra of GO–Au NR composites are shown in 
Figure 5.6a, together with a set of corresponding extinction spectra for comparison. 
The changes in the linear extinction spectra upon GO addition to Au NR are slightly 
different from that presented in Figure 5.2 due to the concentration of Au NRs used. 
A higher concentration of Au NRs was used for the dynamics measurements to 
increase the signal-to-noise ratio. At this concentration of Au NRs used, only a red-
shift and broadening of the extinction peak could be observed without the formation 
of a new extinction peak. The addition of GO to higher concentrations of Au NRs led 
to a random assembly of Au NRs on various GO sheets that are not as well controlled 
as at lower Au NR concentrations. The amount of Au NRs assembled on individual 
GO is different. Similar observations were also made on Au NP assemblies with only 
plasmon band broadening in earlier reports.48 This was attributed to the formation of 
Au NP assemblies with different sizes and/or different fractal structures.  
 
Figure 5.6 (a) Transient absorption spectra of Au NRs with increasing amounts of 
GO added at a delay time of 1 ps. (b) Corresponding changes in the extinction of Au 
NRs with identical amounts of GO added. Concentration of GO is measured in µg/mL 
in both spectra.  
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 Two transient bleaching peaks were observed in the TA spectra of pure Au 
NR under excitation at 400 nm (Figure 5.6), corresponding to the bleaching of 
transverse and longitudinal plasmon bands. The transient absorption signal is brought 
about by spectral broadening of both longitudinal and transverse bands at a raised 
electronic temperature.51 Notably, the bleaching bands are well-matched with their 
SPR bands as shown in the extinction spectra. With the addition of GO, the transient 
bleaching peaks red-shifted and broadened in a similar way as the linear extinction 
spectra. The broadening of the bleaching peaks also become more prominent with 
increasing amounts of GO added. In addition, a switch from transient absorption to 
transient bleaching was observed at 690 nm as more GO was added to Au NR. This 
observed switch was attributed to the plasmon coupling in Au NRs.  
 
Figure 5.7 Pump-probe decay curves of Au NRs and GO–Au NR composites probed 
at 600nm (a) and 690 nm (b), excited at 400 nm. Pump fluence was maintained at 
19.1µJ/cm2 per pulse. Solid lines correspond to fitted results.  
 
 The electron relaxation dynamics of Au NRs were also measured to gain 
insight on the coupling and interactions with GO. The whole electron relaxation 
process can be described in a single decay curve such as that mentioned in Ref 54.52 
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The rise of the signal around 0 ps is a consequence of non-thermal electron generation 
and electron-electron scattering, occurring on a time scale of 300–500 fs. The fast 
decay which follows is directly related to electron-phonon scattering, brought about 
by the energy exchange from relaxation of photoexcited electrons to the phonon 
modes. A slower decay on the hundred ps time scale arises from phonon-phonon 
coupling within the nanoparticles. By fitting the decay curves to a bi-exponential 
function, the electron-phonon scattering and phonon-phonon scattering lifetimes were 
obtained. The electron relaxation dynamics of Au NRs and GO–Au NR composites 
are shown in Figure 5.7. The electron relaxation time was found to decrease with 
increasing amounts of GO added. At a probe wavelength of 600 nm, the electron-
phonon scattering lifetime decreased from 5.56±0.17 ps in Au NRs to 5.25±0.07 ps in 
the presence of 0.13 µg/mL of GO. This further decreased to 2.45±0.09 ps when more 
GO was added. A similar trend was observed when the probe wavelength was 
changed to 690 nm, as shown in Figure 5.7b.  
 There are two reasons to account for the decrease in the electron-phonon 
scattering lifetimes of GO–Au NR composites compared to pure Au NR. One is 
brought about by the assembly of Au NRs on GO and the other arises from the hot 
electron injection from Au NRs to GO. The increased electron-phonon relaxation 
rates observed here is similar to the shortened lifetimes of electron-phonon coupling 
observed in aggregates of Au NPs.49 In the GO–Au NR composites, the hot electrons 
delocalized over the nearby Au NRs undergo enhanced inelastic scattering at the NR 
interface compared to isolated NRs. A greater degree of NR assembly will increase 
the interfacial scattering, leading to faster electron relaxation rates.49 
At the same time, it was also noted that the coherent vibrations of Au NRs 
gradually disappeared as more GO was added to the solution (Figure 5.8). The 
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periodic oscillations of pure Au NRs are a consequence of phonon-phonon coupling. 
A very recent report also highlighted that the disappearance of the coherent 
oscillations in the pump-probe traces of Au NR dimers on ITO substrates.53 This was 
due to hot electron injection into the highly conducting oxide substrates. In our study, 
GO is also a highly conducting material and a similar phenomenon was observed at 
long time-scales of electron relaxation. Consequently, both the assembly of Au NRs 
on GO as well as the hot electron injection from Au NRs to GO brought about a faster 
electron-phonon relaxation.  
 
Figure 5.8 Coherent oscillations of Au NRs excited at 400 nm, probed at 600 nm at a 
power of 19.1µJ/cm2 per pulse and the subsequent loss of oscillations with increasing 
amounts of GO added.  
 
5.4 Conclusions 
 A straightforward and efficient strategy was presented for the facile assembly 
of Au nanocrystals onto GO, based on the electrostatic interactions between 
oppositely charged Au nanocrystals and GO. Using this strategy, Au nanocrystals of 
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various morphologies could be easily attached onto GO. The assembly of Au 
nanocrystals onto GO also provided a platform on which the linear and nonlinear 
optical properties of Au nanocrystals to be tuned. A continuous tuning of the linear 
extinction of Au nanocrystals from the visible to the near IR was achieved in GO–Au 
nanocrystal composites. In addition, nearly 5-fold enhancement was observed from 
both the two-photon excited photoluminescence of Au nanooctahedra compared to 
pure Au nanooctahedra. A decrease of electron-phonon relaxation times was also 
achieved, brought about by hot electron injection from Au nanorods to GO through 
the nanorod assembly. 
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The localized surface plasmon resonances of noble metal nanocrystals are 
indeed intriguing and have given rise to a myriad of useful optical properties. Some of 
these optical properties of noble metal nanocrystals have been investigated in this 
dissertation, including the refractive index sensitivity, photoluminescence, nonlinear 
optical switching and electronic relaxation dynamics. 
An investigation of the effects of multipolar resonances and the type of metal 
used on the refractive index sensitivity of noble metal nanocrystals was presented in 
Chapter 2. The dipolar resonance mode of Ag nanocubes was found to be twice more 
sensitive to refractive index changes than that of Au nanocubes in the same spectral 
and nanocrystal size range. On the other hand, the quadrupole resonance mode of Ag 
nanocubes exhibits a high figure-of-merit. Ag nanocubes have higher refractive index 
sensitivity due to the larger dielectric function of Ag relative to Au. Through a coating 
of Ag over Au nanobars, higher refractive index sensitivity can also be achieved.  
Chapter 3 discussed the photoluminescence of noble metal nanocrystals by 
examining the influence of size and metal type on the photoluminescence quantum 
yields of nanocrystals of Au and Ag. Au nanooctahedra of various sizes were 
prepared and found to exhibit quantum yields on the order of 10
-3
, of which the 
smallest Au nanooctahedra has the highest quantum efficiency. Small Au 
nanooctahedra experience small plasmon damping, thus creating a larger local field 
enhancement, leading to high quantum efficiency. Moreover, emission from radiative 
interband electron-hole pair recombination and radiative decay of surface plasmons 
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was observed for the first time. In comparing the effects of metal on the 
photoluminescence efficiency, Ag nanooctahedra were found to exhibit higher 
quantum yields than Au nanooctahedra. This is attributed to the larger local field 
enhancement of Ag than Au, brought about by a larger imaginary component of its 
dielectric function. 
The nonlinear switching capabilities of Au nanocubes and nanooctahedra were 
presented in Chapter 4. Both types of Au nanocrystals show saturable absorption 
under low excitation intensities and reverse saturable absorption under high excitation 
intensities. Saturable absorption arises from the plasmon band bleaching of the Au 
nanocrystals under low excitation fluences. With increasing excitation intensities, 
nonlinear absorption becomes dominant, leading to the experimental observation of 
reverse saturable absorption.  
Chapter 5 highlighted a strategy for the facile attachment of Au nanocrystals 
of various morphologies onto graphene oxide sheets based on electrostatic 
interactions. The plasmon resonances of the noble metal nanocrystals were observed 
to broaden and red-shift from the visible to the near infrared upon assembling on 
graphene oxide. Nearly 5-fold enhanced efficiency in two-photon excited 
photoluminescence was also observed from these composite materials. In addition, the 
plasmon band bleaching recovery of the composite materials was found to decrease 
compared to pure Au nanocrystals. This behavior was attributed to the assembly of 
Au nanocrystals and hot electron injection into the graphene oxide sheets.  
The findings presented in this dissertation will certainly be beneficial in the 
future development of noble metal nanocrystals for various applications. For instance, 
the higher refractive index sensitivity and photoluminescence efficiency of Ag over 
Au allows future research to select the appropriate materials for use in specific 
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applications such as bio(chemical) sensing and biological imaging. The nonlinear 
switching behaviors of Au nanocrystals can be exploited in future devices in which 
ultrafast responses are required. Finally, the facile assembly of Au nanocrystals with 
different morphologies onto graphene oxide opens up a new pathway in the 
development of graphene based composite materials. The observed increased rate of 
electronic relaxation from these materials can expect to find applications in future 
optoelectronic devices.  
